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ADSCRPTICN Œ FOLDED AND UNFOLDED PROTEIN MOLECUI£S .AND ITS
BIOLOGICAL SICa I^FICANCE.
T hesis subm itted for  the Ph.D. Degree in  the  
F aculty o f S c ien ce , U n iversity  o f  London,
by
R eginald John Goldacre.
ABSTRACT
Ac The in te r a c tio n  o f  the p ro te in  m olecule w ith substances o f
b io lo g ic a l  in te r e s t  was stu d ied . An increase o f  adsorption o f  
dyes was found when the polypeptide chain unfolded. Several 
d if fe r e n t  methods were used: d ir e c t  measurement o f  adsorption on
to  co lla p sed  p ro te in  monomolecular la y e r s , and on to  heat-coagu­
la te d  p ro te in ; and the change in  the “in d ica to r  error" o f  serum 
albumin a f te r  he a t-dénaturât io n , the error with some in d ica to rs  
even reversin g  in  s ig n .
For the preparation o f  weighable amount o f  co llap sed  mono­
la y e r s , a simple apparatus c a lle d  the “in version  tube" was d ev ised .
B. Evidence was presented  t h a t ,  in  the amoeba, p ro te in  m olecules
unfold  at one end o f  the c e l l  and r e fo ld  at the o th er, and th a t  
t h i s  r e s u lt s  in  cytoplasm ic stream ing, amoeboid movement and osmotic 
work. This hypothesis was supported by t e s t s  on the amoeba’s 
accumulâtory mechanism fo r  d yes, and i t s  behaviour towards in je c te d  
adenosine tr ip h osp h ate , and towards a n a e s th e tic s .
(1) Amoebae stream ing in  n eu tra l red so lu tio n  accumulated the dye 
at the rear end o f  the c e l l  as would happen i f  unfolded p ro te in s  
w ith adsorbed dye fo ld ed  up there and shed the dye.
(2) M icro in jection  o f  adenosine triphosphate caused contraction  
and liq u e fa c t io n  o f  the amoeba’ s c o r t ic a l  g e l ,  which thus c lo s e ly  
p a r a l le ls  actom yosin. Contraction and liq u e fa c t io n  occurred con­
tin u o u s ly  in  the amoeba’s t a i l  (which was found to  be a r e la t iv e ly  
permanent part o f  the c e l l )  su ggestin g  a ready chem ical in te r p r e ta tio n . 
The anticoagu lant heparin when in je c te d  prevented the g e ll in g  o f the  
amoeba’s p lasm asol.
(3) A wide rangé' ô T ^ o I a t l le  ÜpopTalic" substances, in c lu d in g  many 
a n a e s th e t ic s , r e v e r s ib ly  expanded th e  area o f  the amoeba’s plasma 
membrane so th a t i t  l i f t e d  outwards from the granular cytoplasm , 
excep t at the t a i l .  This r e f l e c t s  th e  high surface pressure and 
c o lla p se  o f the plasma membrane in  th e  t a i l .
The part th a t the fo ld in g  and unfold ing o f  p r o te in s  may p lay  
in  osm otic work, amoeboid movement, c e l l  d iv is io n , cytoplasm ic  
stream ing in  g en era l, rhythmic s o l - g e l  changes, an aesth esia  and 
the mechanism o f response to  touch was d iscu ssed , and i t s  p o ss ib le  
a p p lica tio n  in  o th er  f i e ld s  was in d ica te d .
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T h i s  t h e s i s  i a  d i v i d e d  i n t o  two p a r t s .  I n  t h e  f i r s t  
p a r t  i t  i s  shown t h a t  p r o t e i n  rao leou les  a d s o rb  much 
more dye f rom s o l u t i o n  when t h e  p o l y p e p t i ê e  c h a i n  i s  
u n f o ld e d  t h a n  when i t  i s  fm ided  i n  t h e  g l o b u l a r  form .
I n  t h e  s e c o n d  p a r t ,  e v id e n c e  i s  p r e s e n t e d  t h a t ,  i n  t h e  
l i v i n g  amoeba, p r o t e i n  m o le c u le s  i n  t h e  cy to p la sm  a r e  
u n f o l d i n g  a t  one end o f  t h e  c e l l  and r e f o l d i n g  a t  t h e  
o t h e r  and t h a t  t h i s  p r o c e s s  r e s u l t s  i n  c y to p la s m ic  
s t r e a m i n g ,  amoeboid movement and o sm ot ic  work.
S i n c e  t h e  theme o f  p r o t e i n  f o l d i n g  l e a d s  t h r o u g h  
s e v e r a l  d i f f e r e n t  f i e l d s ,  i t  has  been found c o n v e n ie n t  
t o  i n t r o d u c e  ea c h  of  t h e  new f i e l d s  a s  th e y  a r i s e ,  
r a t h e r  t h a n  t o  have a  s i n g l e  i n t r o d u c t i o n .
The a u t h o r ,  i n  d i s c u s s i n g  h i s  work w i t h  c o l l e a g u e s ,  
h as  from t im e  t o  t im e  e n c o u n te r e d  some i n c r e d u l i t y  t h a t  
p r o t e i n  f o l d i n g  could a c c o u n t  f o r  su ch  a  wide v a r i e t y  o f  
v i t a l  phenomena, and  t h o u ^ i  a l o n g  t h e  l i n e s  i n  t h i s  
t h e s i s  has  sometimes b een  c a l l e d  t h e o r e t i c a l ^ .  The 
a u t h o r  i s  of  the p p i n i o n  t h a t  a  c e r t a i n  amount o f  what 
he p r e f e r s  t o  c a l l  ' ' a n a l y t i c a l ' ^  and ' ' s y n t h e t i c ” work i s  
e s s e n t i a l  t o  u n d e r s t a n d  how a  l i v i n g  c e l l  w o rk s .  T h i s  might 
be i l l u s t r a t e d  by t h e  f o l l o w i n g  s t o r y :
tf
T h ere  was once a  co lony  o f  n u n s ,  h i g h l y  t r a i n e d  i n  
c h e m is t ry ,w h o  were v e ry  a n x io u s  t o  d i s c o v e r  t h e  s e c r e t  o f  
how c l o c k s  w orked .  One, by a n a l y s i s ,  showed t h a t  t h e r e  was 
a  s m a l l  amount o f  t i t a n i u m  i n  t h e  m a in s p r in g .  A second  nuh ,  
how ever ,  d i s c o v e r e d  t e l l u r i u m  i n  t h e  c a s i n g ,  and c o n s id e r e d  
t h a t  t h i s  p ro b a b ly  p la y e d  a n  i m p o r t a n t  p a r t  i n  th e  mechanism.
( .Vhen asked , ,  how i t  would a c t ,  she  s a i d  "Oh, I  d o n ' t  know, 
bu t  t h e r e  m ig h t  be so m e th in g  i n ^ i t l " ) .
One d ay ,  a  p lumber  was o i l  l e d  i n  t o  f i x  a l e a k i n g  t a p ,  
and s e e i n g  t h e  p a r t s  o f  c l o c k s  l y i n g  a ro u n d  he a s k e d  what 
t h e y  were f o r .  When t o l d  t h a t  t h e y  were t r y i n g  to  d i s c o v e r  
how c l o c k s  worked he s a i d  t h a t  he had lo o k e d  i n s i d e  a  c l o c k  
o n ce ,  and o b se rv e d  t h a t  t h e r e  were p a r t s  so c o n s t r u c t e d  
as  t o  f i t  i n t o  o t h e r  p a r t s ,  so t h a t  t h e  movement o f  one 
p a r t  would be t r a n s m i t t e d  t o  t h e  o t h e r s .  The nuns s a i d  
"Oh, t h a t ' s  to o  t h e o r e t i c a l ,  we a r e  on ly  i n t e r e s t e d  i n  f a c t s " ,  
a n d  p ro c e e d e d  w i th  t h e i r  a n a l y s i s  o f  t h e  l i t t l e  hand f o r  
s e l e n iu m .
I n  t h i s  t h e s i s  1 p ro p o se  to  t a k e  t h e  u n p o p u la r  c o u r s e  
o f  what t h e  nuns would  c a l l  t h e  " t h e o r e t i c a l  a p p ro a c h ” , ^ t  
t h e  p r e s e n t  t i n e  a n a l y s i s  of  t h e  w ork ing  mechanism o f  t h e  
l i v i n g  c e l l  i s  n o t  r a t e d  v e ry  h i g h l y .  The d i s c r e d i t i n g  o f  
i n f e r e n c e  and a n a l y s i s  i n  biology? a r o s e  ab o u t  50 y e a r s  ago ,  
p r o b a b ly  from t h e  a t t e m p t  to  u n d e r s t a n d  th e  mechanism o f  a 
l i v i n g  c e l l  i n  t e rm s  o f  t h e  c h e m is t ry  of t h e  l a s t  c e n t u r y  -  
a  t im e  when m ono layers  were u n s u s p e c t e d ,  p r o t e i n  s t r u c t u r e
was unknown and t h e  r e l a t i o n  between  m o le o u la r  s t r u c t u r e  
and p h y s i c a l  and c h e m ic a l  p r o p e r t i e s  even  of n o n - l i v i n g  
m a t t e r  had  n o t  b e e n  deve loped  by means o f  X -ray  
The c e l l  was c o n f i d e n t l y  o v e r - s i m p l i f l e d  and t h e  s o r t  o f  
s p e c u l a t i o n  t h a t  was p o s s i b l e  l e d  now here . B inoe th e n  
i n v e s t i g a t o r s  have  been  g l a d  t o  e s t a b l i s h  any b i o l o g i c a l  
f a c t  however much l a c k i n g  i n  im m edia te  s i g n i f i c a n c e .
The p o s i t i o n  i n  r e g a r d  to  a n a l y s i s  i s  now due f o r  r e v ie w .
We have  one a l o n g  way a lo n g  t h e  ro ad  to  i n t e r p r e t i n g  
p h y s i c a l  properhes i n  te rm s  o f  m o le c u la r  s t r u c t u r e .  Yet t h e r e  
seems t o  be undue p r e o c c u p a t i o n  w i t h  th e  p r e c i p i t a t e s  
formed i n  c e l l s  by f i x i n g  and s t a i n i n g  r e a g e n t s ,  compared 
w i t h  t h e  a t t e n t i o n  g iv e n  t o  t h e  a n a l y s i s  o f  th e  e v e n t s  i n  
an  a c t u a l  l i v i n g  c e l l .  I t  seems c e r t a i n  t h a t  t h e  s e c r e t  
o f  how a c e i l  works w i l l  n o t  be p e n e t r a t e d  by any nombar 
of  c h e m ic a l  d e t e r m i n a t i o n ^ a l o n e , b u t  t h e r e  must be i n  
a d d i t i o n  some deep c o n c e n t r a t i o n  on th e  p h y s i c a l  e v e n t s .
One n a t u r a l l y  f e e l s  s u s p i c i o n  o f  any t iy p o rh es ia  
wnich  a t t e m p t s  to  e x p l a i n  e v e r y t h i n g .  Yet many phenomena 
i n  l i v i n g  c e l l s  seem e x p l i c a b l e ,  o r  p o t e n t i a l l y  e x p l i c a b l e ,  
i n  te rm s  of  t h e  p r o b e i n - f o l d i n g  h y p o t h e s i s  expounded 
h e r e i n .  The p r o t e i n  m o le c u le  i s  un ique  i n  t h a t  i t s  
c h e m ic a l  and p h y s i c a l  p r o p e r t i e s  a r e  g r e a t l y  a l t e r e d  
by changes  i n  t h e  d e g re e  o f  f o l d i n g  o f  t h e  p o ly p e p t i d e  
c h a i n .  T h i s  p r o p e r t y ,  which  i s  t h e  bane o f  t h o s e  who 
w ish  t o  p r e p a r e  pu re  sam ples  of  s p e c i f i c  p r o t e i n s ,  a p p e a r s  
t o  be t h a t  which makes p r o t e i n s  of  such  g r e a t  use t o  l i v i n g
c e l l s ,  f o r  i t  a p p e a r s  t h a t  i t  can  be e x p l o i t e d  so a s  to  be 
t h e  b a s i s  o f  many l i v i n g  phenomena. The r e v e r s i b l e  
c o n v e r s i o n  o f  a m e ch an ica l  i n t o  a  ch em ic a l  e f f e c t ,  bM 
p u l l i n g  a  p r o t e i n  m o le c u le  undone so  a s  t o  expose new 
s i d e - c h a i n s  to  t h e  s o l u t i o n ,  m igh t  c o n c e iv a b ly  be t h e  
b a s i s  o f  p r o t o p l a s m i c  movement I n  g e n e r a l ;  o f  s e c r e t i o n ,  
e s p e c i a l l y  w h e re ,  a s  i n  r e n a l  and g a s t r i c  s e c r e t i o n ,  
o sm o t ic  work i s  a m a jo r  5 and even o f  e l e c t r i c a l
e f f e c t s  a c r o s s  membranes,  a s  i n  t h e  e l e c t r i c  o rgans  of 
f i s h e s ,  m u sc u la r  c o n t r a c t i o n  and n e rv o u s  c o n d u c t io n  
where  an^/ f o l d i n g  o f  t h e  p r o t e i n  m onolayer  i n  t h e  c e l l  
membrane would be e x p e c te d  to  change th e  p o t e n t i a l  
a c r o s s  i t .  The e v i d e n c e  f o r  t h i s  i s  p r e s e n t e d  i n  
what  f o l lo w s*
1.
Z. H i s t o r i c a l  I n t r o c l a c t l o n .
ih e  a d s o r p t i o n  o f  s u b s t a n c e s  on t o  p r o t e i n s  i s  
i m p o r t a n t  b ecau se  i t  i s  t h e  b a s i s  o f  many p r o c e s s e s  i n  
l i v i n g  c e l l s ;  f o r  example f o r  i n t e r a c t i o n  o f  enzymes w i th  
t h e i r  s u b s t r a t e s ,  o f  apoenzymes w i t h  t h e i r  coenzymes 
( i n c l u d i n g  v i t a m i n s  and hormones) and w i t h  f o r e i g n  i n h i b i t o r y  
s u b s t a n c e s  which compete w i t h  s u b s t r a t e  o r  coenzyne f o r  
a d s o r p t i o n .  The e x t e n t  t o  which  d ru g s  ( e . g .  b a c t e r i o s t a t i c  
a g e n t s )  can  e x e r t  t h e i r  s p e c i f i c  a c t i o n s ,  and th e  c o n c e n t r a ­
t i o n s  i n  which  t h e y  a r e  e f f e c t i v e ,  u s u a l l y  depends  on t h e i r  
a d a o r b a b i l i t y  on some p a r t i c u l a r  p r o t e i n .  I n  a d d i t i o n  i t  
a p p e a r s  t h a t  t h e  a b i l i t y  o f  c e l l s  t o  do osm otic  work, and. t o  
i n t e r c o n v e r t  m e c h a n ic a l  and c h e n i c a l  e f f e c t s ,  d^ends  on 
a d s o r p t i o n  on t o  p r o t e i n s .  Hence i n c r e a s e d  o p p o r t u n i t y  f o r  
c o n t r e ]  o f  l i v i n g  p r o c e s s e s  sh o u ld  r e s u l t  f r o  a a s tu d y  o f  
f a c t o r s  i n f l u e n c i n g  a d s o r p t i o n .  Such f a c t o r s  i n c l u d e  th o s e  
i n  th e  m o le cu le  w h ich  i s  b e i n g  ad s o rb e d  ( e . g .  d e g r e e  o f  
i o n i s a t i o n ,  m i c e l l e  f o r m a t io n ,  s t e r i c  h in d r a n c e ,  a m p h lp a th ic  
n a t u r e ) ,  i n  t h e  medium ( e . g .  pH, s a l t  c o n c e n t r a t i o n )  arid i n  th e
I
p r o t e i n  I t ^ i i l f ,  p a r t i c u l a r l y  t h e  s t a t e  o f  f o l d i n g  o f  t h e  p o ly -  , 
p e p t i d e  c h a in  w hich  d e t e r m in e s  w h e th e r  r e a c t i v e  g roups  a r e  
b u r ie d  w i t h i n  th e  m o lecu le  o r  exposed t o  t h e  s o l u t i o n .  I t  w i l l  
n o t  be p o s s i b l e  t o  c o n s i d e r  a l l  o f - t h o s e  i n  d e t a i l ,  but  th e y  wHl
2 .
be borne in  mind d u r i n g  t h e  i n t e r p r e t a t i o n  o f  t h e  
e x p e r i m e n t a l  r e s u l t s *
I t  w i l l  be u s e f u l  to  d i s c u s s  f i r s t ,  t h e  n a t u r e  
o f  a d s o r p t i o n  in  g e n e r a l ,  b e c a u s e  i t  i s  p ro p o se d  t o  use 
t h e  te rm  in  a  w id e r  s e n s e  th a n  th e  one i n  which i t  i s  
som etim es u s e d .  Then w i l l  be d i s c u s s e d  th e  s t r u c t u r e  
of  th e  p r o t e i n  m o le c u le  in  b o th  t h e  f i b r o u s  and  g l o b u l a r  
. s t a t e s ,  and  th e  means by which  th e y  can be c o n v e r t e d  from 
one s t a t e  to  t h e  o t h e r  -  an  i n t e r e s t i n g  p r o c e s s  . h i o h  
a p p e a r s  to  o c c u r  i n  l i v i n g  c e l l s  and v.hich changes  t h e  
a d s o r p t i o n  a g r e a t  d e a l
( ) A d s o r p t io n
h angm uir ,  i n  1916 p o i n t e d  out i t  was n o t  pos i b l e
I
l o g i c a l l y  to  d i s t i n g u i s h  be tw een  chemiCc-1 and  p h y s i c a l  
f o r c e s .  S t o i c h i o m e t r i c  che m ic a l  compounds and r e g u l a r  
c r y s t a l s  were  known which w ere  h e l d  t o g e t h e r  by f o r c e s  
usually r e g a r d e d  a s  p h y s i c a l .  C o n v e r s e ly ,  chem ica l  changes 
were  a s s o c i a t e d  w i t h  p r o c e s s e s  g e n e r a l l y  h e l d  to  be 
p h y s i c a l  -  e . g .  e v a p o r a t i o n  of sodium c h l o r i d e  i s  a  
ch e m ic a l  p r o c e s s  f o r  Ha Cl m o l e c u l e s  e x i s t  o n l y  i n  t h e  
v a p o u r ;  i n  t h e  s o l i d  each  sodium ion  i s  s y m m e t r i c a l l y  
s u r ro u n d e d  by  s i x  c h l o r i n e  i o n s .  Any s o l i d  o r  l i q u i d  
i s  a l a r g e  m o le c u l e ;  t h e  c o n c e p t io n  o f  a m o le c u l e  l o s e s  i t s  
s i g n i f i c a n c e  e x c e p t  in  a  g s s .  The f low  of  l i q u i d s  i s  a  
k i n d  o f  t a u to m e r i s m .  The f o r c e s  h o l d i n g  an a d s o rb e d
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m onom olecu la r  l a y e r  on a  s o l i d  a r e  t h e  same a s  t h o s e
h o l d i n g  s o l i d s  and  l i q u i d s  t o g e t h e r .  T h is  c o n c e p t i o n
o f  Langmulr  I s  p a r t i c u l a r l y  u s e f u l  I n  c o n s i d e r i n g
t h e  s t r u c t u r e  o f  p r o to p la s m  and t h e  e f f e c t i v e  m o le c u l a r
w e i g h t s  o f  p r o t e i n  m o le c i l l e s  I n  i t *
The a t t r a c t i v e  f o r c e  b e tw e en  atoms f a l l s  o f
s t e e p l y  w i t h  d i s t a n c e ,  h e n c e  a toms need  t o  b e  a c t u a l l y
i n  c o n t a c t  f o r  t h e  f o r c e s  t o  b e  a p p r e c i a b l e .  (W ith
a n  I n v e r s e  s e v e n t h  law .  I f  two a tom s i n  c o n t a c t  a r e
a
p u l l e d  a p a r t  b y / d i s t a n c e  o f  a n  a to m ic  d i a m e t e r ,  t h e
1
a t t r a c t i v e  f o r c e  I s  r e d u c e d  t o  ) .  Hence t h e r e  
Iss a n  a b r u p t  change  a t  t h e  s u r f a c e  o f  a  s o l i d  o r  
l i q u i d .  T here  I s  no g r a d u a l  change  I n  d e n s i t y  ( I n  
c o n t r a s t  t o  t h e  b e l i e f  o f  t h e  l a s t  c e n t u r y  when t h e  
d e n s i t y  was h e l d  t o  f a l l  o f f  o v e r  t h e  sp a c e  o f  s e v e r a l  
m o l e c u l a r  d i a m e t e r s )  s i n c e  p r a c t i c a l l y  t h e  whole change 
o c c u r s  w i t h i n  a n  a tom *s d i a m e t e r .
The r e a c t i o n  o f  a n  a c i d  w i t h  a  b a s e  I s  u s u a l l y  
r e g a r d e d  a s  a  t y p i c a l  c h e m ic a l  r e a c t i o n .  Yet when a c i d  
I s  added  t o  a  weak b a s e ,  t h e  amount o f  h y d ro g en  I o n  
combined w i t h  t h e  b a s e  i a  r e l a t e d  t o  t h e  h y d ro g e n  I o n  
c o n c e n t r a t i o n  e x a c t l y  I n  a c c o r d a n c e  w i t h  Langmulr* s
a d s o r p t i o n  I s o t h e r m ,  ( f o r  p r o o f ,  s e e  fooj?note o v e r l e a f )
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w hich  d e s c r i b e s  t h e  c o u r s e  o f  t y p i c a l  a d s o r p t i o n s  o v e r  a 
w i d e r  r a n g e  o f  o f  c o n c e n t r a t i o n  t h a n  t h e  e a r l l e r - u s c d  P r e u n d l l c h  
I s o t h e r m .  The a c i d - b a s e  r e a c t i o n ,  t h e r e f o r e .  I s  t o  be  regaixflsd 
a s  a n  a d s o r p t i o n  o f  h y d ro g e n  Io n s  on t h e  m o le c u le s  o f  t h e  b a s e .  
An e x t e n s i v e  s u r f a c e  i s  n o t  e s s e n t i a l  f o r  a d s o r p t i o n  t o  o cc u r ;  
t h e  s u r f a c e  o f  a  s i n g l e  m o le c u le  I s  s u f f i c i e n t ,  a s  f a r  a s  t h e  
m e ch an ic s  and t h e  m a th e m a t ic s  a r e  c o n c e rn e d .  Any atbempb to  c r e a te
F o o tn o te  An a c i d - b a s e  r e a c t i o n  i s  an  a d s o r p t i o n .  As
a c i d  i s  added t o  t h e  weak b a s e  B, a  c e r t a i n
p r o p o r t i o n  o f  t h e  p r o t o n s  combine w i t h  B.
B +  Bh '*'   ( 1 )
K =   ( 2 )
% =
[BH] = mfZB]    ( 3 )
N ow [b] « b -  Obh] w here  b  s  t o t a l  cone ,  o f  b a s e .  
S u b s t i t u t i n g  i n  (3 )
BH = i P . .g ,M
[BH] . M
K W    { 4 )
Now Langmulr*s a d s o r p t i o n  i s o t h e r m  i s
■V* _  C
^  :  T f ^    ( 5 )
V /h e r e ^ -  amount o f  h y d ro g e n  io n  a d s o rb e d
C ^  co n c .  cf h y d ro g e n  i o n  i n  s o l u t i o n  
j a r e  c o n s t a n t s .
Now (5 )  I s  o f  t h e  same form a s  ( 4 )  
w i t h
/ ^  = b
Ki-' .#
an  a r t i f i c i  .1 b a r r i e r  nnd l a b e l  one p h y s i c a l "  and 
th e  o t h e r  "oh cm l e a l "  i s  h in d r a n c e  t o  s c i e n t i f i c  
t h o u g h t .
T h is  a l l o w s  us to  t a l k  abou t  th e  a d s o r p t i o n  
o f  an arrurionia m o le c u le  on th e  s u r f a c e  o f  a  co p p e r  
io n  i n  s o l u t i o n  in  t h e  same way a s  i t s  a d s o r p t i o n  on, 
s a y ,  a co p p e r  s u l p h i d e  c r y s t  1 .  I n  t h i s  s e n s e  i t  i s  
p r o p o s e d  to  r e f e r  to  t h e  a d s o r p t i o n  o f  p r o to n s  and  o f  
dye io n s  on t h e  s u r f a c e  o f  d i s s o l v e d  p r o t e i n  m o le c u l e s ,  
and on p a r t i c u l a r  s i d e - c h a i n s  in  t h e  p r o t e i n  m o l e c u l e s .
h l l e  Langiüuir* s v iews ^ r e  u n c h a l l e n g e d  
(Langïau ir ,  1929) t h e y  do n o t  a p p e a r  to  have  been 
g e n e r a l l y  a s s i m i l a t e d .  The w r i t e r  h  s  met t h i s  
p a r t i c u l  r l y  in  t h e  o p p o s i t i o n  to  th e  view e x p r e s s e d  
t o  a c c o u n t  f o r  chromosome b r e a k s  by b i f u n c t i o n a l  
n i t r o g e n  m u s t a r d s  ( G o ld * e re .  L o v e le s s  and Ross 1949) 
i n  which  i t  was s u g g e s t e d  t h a t  p o l y p e p t i d e  c h a in s  in  
th e  chromosomes were b ro k en  by m e o h in lo?1 t e n s i o n  f t e r  
t h e y  had  been  l i n k e d  t o g e t h e r  by th e  must r d  a t  th e  t im e  
o f  d u p l i c a t i o n .  I t  was o f t e n  h e l d  i n  o%)posltion, t h a t  
m e c h a n ic a l  f o r c e s  co u ld  n o t  b reak  c o v a l e n t  bonds ( i n  
8% i t e  o f  t h e  f a c t  t h a t  t h i s  i s  what happens  when a 
diainond, o r  gl<^>ss e t c .  i s  b roken)  and i t  i s  p a r t l y  on 
a c c o u n t  o f  t h i s  t h a t  t h i s  p o i n t  i s  l a b o u r e d  h e r e ,  -nd
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p a r t l y  a l s o  b e c a u s e  i n  a l i v i n g  c u l l ,  p r o t e i n  m o le c u le s  
jn t h e  cy to p la sm  a p p e a r  to  be in  such  a m e t a s t a b l e  
c o n d i t i o n  t h a t  a m e c h a n ic a l  p u l l  ( a p p l i e d ,  f o r  example 
a s  a s h e a r  or a s  a p u l l  w i th  th e  uncromampulator  n e e d le )  
one way o r  t h e  o t h e r , i s  s u f f i c i e n t  to  u n f o ld  o r  f o l d  
up th e  m o le c u le  to  some e x t e n t ,  and t o  cause  d e s o r p t i o n  
o f  t h e  r ao leo u le s  from one a n o t h e r .
I t  may sound s t r a n g e  t o  t a l k  as  i f  m o le c u le s  
c o u ld  be h a n d l e d  i n d i v i d u a l l y .  Yet t h e r e  i s  in  a  c e l l  
a s  l a r g e  a s  t h e  amoeba o n ly  room f o r  a b o u t  1000 to  
10,000 p r o t e i n  m o le c u l e s  i n  each d i r e c t i o n  and in  a 
b a c t e r i a l  c e l l  1 /2  ju wide» room f o r  o n ly  500 p r o t e i n  
c h a in s  and a  b a c t e r i a l  f l a g e l l u m  i s  o n ly  100-200 A t h i c k  
c o r r e s p o n d in g  t o  10 -20  p o l y p e p t i d e  c h a i n s .  The 
Brownian movement o f  c y to p la s m ic  g r a n u l e s ,  e a s i l y  v i s i b l e  
th ro u g h  th e  m ic ro s c o p e ,  r e p r e s e n t s  th e  k i n e t i c  e n e rg y  
o f  a  s i n g l e  w a te r  m o l e c u l e ( 3 /2  k T ) . i eo re o v e r ,  a s  P o c k è l s  
f i r s t  showed in  1891, i t  i s  p o s s i b l e  t o  push m onom olecular  
l a y e r s  on th e  s u r f a c e  o f  w a t e r  w i th  waxed b a r r i e r s  and by 
co m p re s s in g  th e  f i l m  t o  make th e  m o le c u le s  s t a n d  on t h e i r  
e n d s ,  e t c ,  A s o l i d  f i l m  o f  p r o t e i n  one m o le cu le  t h i c k  can e^ç^rt 
a f o r c e  o f  SO mg w t . p e r  cm, which i s  s u f f i c i e n t  t o  push 
a lo n g  sm a l l  f l o a t i n g  o b j e c t s  on a  t r o u g h  o r  to  cause
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a  t o y  b o a t  (w e ig h t  abou t  lOg) f l o a t i n g  i n  t h e  f i lm
t o  s p r i n g  back  t o  i t s  o r i g i n a l  p o s i t i o n  when
l i s p l a o e d  a few cms and th e n  r e l e a s e d .  The t e n s i l e
s t r e n g t h  o f  a s i n g l e  p o ly i^ep t id e  o h a in  ( c a l c u l a t e d
#
from th e  s t r e n g t h  o f  s i l k )  i s  s u f f i c i e n t  t o  s u p p o r t  
t h e  ? ;e lg h t  of a b o u t  100 f l a g e l l a t e s  o f  d i m e t e r  
10 vuLeach, or  d ra g  a l o n g  lOOOof them h o r i z o n t a l l y  
th r o u g h  w a t e r .
#
F o o tn o te :
T e n s i l e  s t r e n g t h  o f  s i l k  i s  100 to n s  
s q ,  in c h  o r  1 6 ,0 0 0  kg /  s q .  cm.
The c r o s s - s e c t i o n a l  a r e a  o f  each  
p o l y p e p t i d e  c h a in  ( c a l c u l a t e d  from th e  X -ray  s p a c in g s  
o f  IDA and  4 .6 1  a t  r i g h t  a n g l e s  t o  th e  f i b r e  a x i s ) i s  
451^^, g i v i n g  2,2 X 10 "^^  c h a in s  j i  s q ,  cm.
.8oh p o l y p e p t i d e  c h a in  can s u p p o r t  lo a d  
6
X mg
= 7 . 3  X 10® mg
o f  16^000 X 10
T h is  ^ i s /a  s u r p r i s i n g l y  h i g h  f i g u r e .  Yet t h e
r
a c t u a l  s t r e n g t h  o f  t h e  ch- i n  i s  p o b s b ly  even h i g h e r ,  
s i n c e  b r e a k i n g  o f  s i l k  i s  due to s l i p  o f  m o le c u le s  r i t h e r  
th a n  r u p t u r e  of  them .
I t  i s  no t  s u r p r i s i n g ,  t h e r e f o r e ,  t h a t  one can f v v l   ^
i i t h  a mioroiaariLn^lator n e e d l e  i n s i d e  an amoeba, t h a t  
one i s  i n  % p o s i t i o n  to  h a n d l e  t h e s e  l a r g e  m o le c u le s  
a lm o s t  i n d i v i d u a l l y ,  owing to  t h o i r  g r e a t  l^n^ i th ,  
i h e i r  m u tu a l  a d h e s i v e n e s s  whm u n fo ld ed  s*snd t h e i r  
g r e a t  t e n s i l e  s t r e n g t h .  The w r i t e r  h a s  f r  o u a n t l y  
r u x l e d  a l o n g  f l a g e l l a t e s  w i th  i n v i s i b l e  f i b r e s  d i s  eo to d  
o u t  o f  m c y t o l y s o d  xaoeba w ith  the  m i c r o d l s s c c t i o n  
n e e d l e ,  and w h i l e  i t  I s  n o t  k n o tn  wheth r  t h e s e  i b r  s 
a r e  s i n g i u  p r o t e i n  p o l y p e p t i o  chf i n s  o r  n o t ,  o a l c w l ^ t i o n  
shows th e  I s i n g l e  c l ra ins  co u ld  do what i s  o b s e rv e d ,  
à d i s t u r b i n g  e lem en t  in  Dam^fiulr 's p i c t u r e  
o f  a d s o r p t i o n  vas i n t r o l u c e d  by Rotheii (1942 ,  1945,  l i4 (> i ,  
v h o  o b t a i n e d  e v id e n c e  eugj^cstirtg  t h a t  s p e c i f i o  f o r c e s  
between molecT-lcs cou ld  a c t  o v e r  d i s t r n o o s  of abou t  IcO A. 
F i lm s  o f  a n t i g e n  bn g l a s s  p l a t e s  o u ld  t a k e  up a n t i b o d i e s  
from s o l u t i o n  even when f i r s t  c o ^ t e d « i t h  f i l m  o f  io rm v ar  
( a  s y n t h e t i c  r o s i n )  o r  a number of  o t h e r  o t  in  
m o n o la y e r s .
T h i s  was d l f  i c n l t  to  b l i u v e  f o r  s v e r a lI
r e a s o n s :
( i l  i f i e l d  o f  f o r c e  t i l in g  imii  rm ly  from a 
s p e c i f  i c  p o i n t  mus I f  11 o f f  a c c o r d t o  mi i n v e r s  e 
s q u a re  law ,  s i n c e  th e  a r e a  o f  th e  sux'f^ce o f  s p h e r e ) 
w i th  the  ;>üint a t  i t s  c e n t r e ,  o v e r  which th e  l i n o s  o f
9 ,
f o r c e  a r e  d i s t r i b u t e d  v a r i e s  a s  t h e  sq u a re  of th e  r a d i u s .  
Thus,  f o r  an e n e rg y  o f  i n t e r a c t i o n  a t  lOOA of 2 k . c a l s  
p e r  m o le c u le  ( i . e .  t h e  s m a l l e s t  p o s s i b l e  amount o c c u r r i n g  
in  weak hyd rogen  b o n d s ) ,  t h e  f o r c e  between th e  tv o  m o le c u le s  
a t  one atom’ s d i a m e t e r  a a r t  v ou ld  be ab o u t  20,000 k . c a l s .  
m o le c u l e .  I . e .  o v e r  one h u n d red  t im e s  th e  s t r e n g t h  o f  th e  
s t r o n g e s t  c o v a l e n t  bond known ( in  d iam ond) .
( i i )  A d i r e c t e d  f i e l d  o f  f o r c e  would f a l l  o f f  w i th  
a h i g h e r  power o f  t h e  d i s t a n c e ,
n o b e r  (1946) l i s t s  a l l  t h e  known t y p e s ,  such  a s  
d i p o l e  i n t e r a c t i o n ,  i o n - d i p o l e  i n t e r a c t i o n ,  e t c .  and t h e i r  
r a t e  o f  d e c r e a s e  w i t h  d i s t a n c e .
( i i i )  I t  i s  e a s y  to  s e e  how s  n o n - s p e c i f i c  f o r c e  
c o u ld  a c t  over  such  a lo n g  d i s t a n c e .
The i n t e n s i t y  o f  th e  e l e c t r i c  f i e l d  due to  a 
u n i f o r m l y - c h a r g e d  p l a t e ,  i n f i n i t e  in  e x t e n t ,  does no t  
d e c r e a s e  w i t h  d i s t a n c e  from th e  p l a t e .  The l i n e s  of f o r c e  
a r e  a l l  p a r a l l e l  and a t  r i g h t  a n g le  t o  t h e  p l a t e .  Such a 
c o n d i t i o n  e x i s t s  i n  Bothan*s e x p e r i m e n t s ,  s i n c e  t h e  a r e a
I
o f  th e  g l a ^ s  p l a t e  used  was v e r y  l a r g e  compared w i th  th e  
1 Qo£ d i s t a n c e  be tween  t h e  a n t i g e n  and  a n t i b o d y .  Yet th e  
r e a c t i o n  between them was s p e c i f i c ,  no o t h e r  a n t i b o d i e s  
b e in g  t a k e n  up .  .
P a u l i n g  (1948) on s u r f a c e - c h e m i c a l  g rounds  
s u g g e s t e d  t h a t  t h e r e  were h o l e s  in  t h e  f i l m ,  and t h a t  th e
lü*
f i l m  was humped so t h a t  t h e  t h i c k n e s s ,  d e te rm in e d  as  an 
a v e r a g e ,  by  an o p t i c a l  i n t e r f e r e n c e  method,  d id  n o t
show th e  r e a l  v a r i a t i o n  from p o i n t  t o  p o i n t .  I t  was
n o t  lo n g  b e f o r e  e l e c t r o n  m ic ro s c o p y  r e v e a l e d  a h o l e d
f i l m  e x a c t l y  a s  p r e d i c t e d  by P a u l i n g  (Karush  and S i e g e l ,
1 9 4 0 ) .  T h is  made i t  p o s s i b l e  f o r  t h e  two s u b s t a n c e s  to
r e a c t  o v e r  a s u b s t a n t i a l  f r a c t i o n  o f  the  a r e a  of th e
p l a t e  w i th  no s e p a r a t i n g  f i l m  a t  a l l .
F i n a l l y ,  one m igh t  m e n t io n  th e  r e l a y i n g  o f  f i e l d s
o f  f o r c e  from one m o le c u le  t o  th e  n e x t ,  e . g .  by th e
o r i e n t a t i o n  o f  dipoles,  so t h a t  t h e  f o r c e s  a p p e a r  t o  have
a l o n g e r  r a n g e  th a n  th e y  r e a l l y  h a v e .  An example of  t h i s
i s  ii3 th e  a d s o r p t i o n  of  w a t e r  on v a r i o u s  m i n e r a l  s u r f a c e s
where th e  h e a t  o f  a d s o r p t i o n  o f  th e  f i r s t  m ono layer  i s
h i g h e r  than  t h a t  o f  th e  s e c o n d ,  and  t h e r e  i s  a p r o g r e s s i v e
f a l l i n g  o f f  a s  t h e  v a l u e  ap p ro ac h es  th e  l a t e n t  h e a t  o f
v a p o r i s a t i o n  o f  w a te r  (H a rk in s  and Dahls trpm  1930, Bangham
and Mossalam, 1938)
The S t r u c t u r e  o f  th e  P r o t e i n  M olecu le
Knowledge o f  th e  s t r u c t u r e  o f  th e  p r o t e i n  m o le cu le  
h a s  advanced  a g r e a t  d e a l  o ve r  th e  l a s t  f i f t e e n  y e a r s ,  
m a i n l y  due to  th e  p h y s i c a l  ap p ro ac h  used  by a l a r g e  number 
o f  p e o p l e ,  i n c l u d i n g  A s tb u ry ,  P a u l i a g ,  Lmigmulr, Lundgren,  
Speakraan, H ugg ins ,  B u l l ,  B e r n a l ,  e t c .
I t  h a s  been known f o r  a lo n g  t im e t h a t  p r o t e i n
I
m o le c u le s  were made up e x c l u s i v e l y  o f  1 -amino a c i d s ,  and
11.
t h a t  when t h e s e  formed a p o l y p e p t i d e  ch a in  t h e r e  would
be a te n d e n c y  f o r  s t e r i c  r e a s o n s  f o r  th e  s i d e - c h a i n s  to
l i e  a l t e r n a t e l y  on o p p o s i t e  s i d e s  o f  th e  p o ly p e p t id e
c h a i n .  But e v id e n c e  of  hovv th e  c h a in  was f o l d e d  of
a r r a n g e d  so a s  t o  form t h e  compact g l o b u l a r  m o le c u le s
i n d i c a t e d  from s e d i m e n t a t i o n  and e l e c t r o p h o r e s i s  s t u d i e s ,
and th e  a r ran g em en t  o f  th e  amino a c i d s  a lo n g  th e  c h a in ,
was n o t  v e r y  s a t i s f a c t o r y  u n t i l  more r e c e n t l y .  I n  th e
ab sen ce  o f  a c c u r a t e  and a d e q u a te  d a t a  a k in d  of  
»
n u m e ro lo g io a l  s p e c u l a t i o n  was c a r r i e d  to  f a n t a s t i c  
l e n g t h s .
Such p r e o c c u p a t i o n  w i th  numbers i s  unusua l  in  
s c i e n c e ,  though v e r y  common i n  the  p s e u d o - s c i e n c e s  of  
a s t r o l o g y  and num ero logy  and in  r e l i g i o n s ,  myths,  l e g e n d s  
and f o l k l o r e  i n  which v a r i o u s  m agic  numbers and th e  
p r o d u c t s  t h e r e o f  have s p e c i a l  s i g n i f i c a n c e .  F reu d  (1920) 
h a s  d i s c u s s e d  th e  e m o t io n a l  b a s i s  f o r  t h i s  f a s c i n a t i o n  o f  
p a r t i c u l a r  num bers .
From a few amino a c i d  d e t e r m i n a t i o n s  in  p r o t e i n
mostly
h y d r o ly s à t® ,  u s in g  m ethods which  a t  th e  t im e were^not  
a c c u r a t e  t o  w i t h i n  6 p e r  c e n t ,  Bergmann (1936) p u t  fo rw a rd  
th e  ’f u l e "  a c c e p t e d  by A s tb u ry  (1 9 4 3 ) ,  Wrinoh (1937) and 
o t h e r s ,  t h a t  t h e  f r e q u e n c y  o f  o c c u r r e n c e  o f  any  p a r t i c u l a r  
a m in o -a c id  in  a g iv e n  p r o t e i n  m o le c u le  was some v a l u e  o f  
2^ 3^ \^ where n and m a r e  whole n u m b e rs . But
12.
a r i t h m e t i c  r e v e a l s  t h a t  p r a c t i c a l l y  any  number t a k e n  a t  
random i s  w i t h i n  10 p e r  c e n t  o f  some v a l u e  of  2^  so 
t h a t  a c o r r e l a t i o n  c o u l d  a p p e a r  to  e x i s t  when in  f a c t  t h e r e  
was n o n e .  T h i s  r u l e  o f  Bergmann was e v e n t u a l l y  u p s e t
b y  more a c c u r a t e  amino a c i d  a n a l y s e s ,  and by th e  d i s c o v e r y  
t h a t  i n  some c a s e s  th e  c o m p o s i t i o n  o f  th e  ends  o f  t h e  
c h a i n s  was d i f f e r e n t  from t h a t  o f  the  m id d le  ( P a u l i n g ,  1 9 4 0 ) .
Then e a r l i e r ,  S v e d b e r g ( 1934) h a d  s u g g e s t e d  on t h e  
b a s i s  o f  h i s  m o l e c u l a r  w e ig h t  d e t e r m i n a t i o n s  t h a t  a l l  
p r o t e i n s  were  made up o f  an  i n t e g r a l  number of u n i t s  o f  
m o l e c u l a r  w e ig h t  3 5 ,0 0 0 .  The d i s c o v e r y  o f  p r o t e i n s  w i th  
i n t e r m e d i a t e  m o l e c u l a r  w e i g h t s  and  w i th  w e ig h t s  a s  low 
a s  11 , 000, made t h i s  v iew u n t e n a b l e .
The most  e l a b o r a t e  a r i t h m e t i c a l  s p e c u l a t i o n  a r o s e  
from th e  work o f  „ r i n c h  (1937)  who p u t  f o r w a r d  th e  h y p o t h e s i s  
t h a t  g l o b u l a r  p r o t e i n s  w ere  made up o f  a s p h e r i c a l  cage 
s t r u c t u r e  ( t h e  " C y c l o l " ) ,  w i t h  amino a c i d s  h e l d  t o g e t h e r  on 
t h e  s u r f a c e  o f  t h e  s p h e r e  by  a  s p e c i a l  ty p e  o f  c y c l o l  bond ,  
i n  w h ich  ea c h  amino a c i d  was c o v a l e n t l y  bonded  to  t h r e e  
o t h e r s .  Wrinoh fo u n d  t h a t  t h e  s u r f a c e  of  a  s p h e r e  c o u ld  
o n l y  c o n v e n i e n t l y  h o l d  288 amino a c i d  r e s i d u e s  i n  t h i s  
a r r a n g e m e n t ,  t h u s  a p p e a r i n g  t o  s u p p d r t ,  o r  be  s u p p o r t e d  by  
Bergmanns 2^ 3"  ^ r u l e , ^ o f  w h ich  288 i s  one o f  t h e  (many) 
p o s s i b l e  v a l u e s ^  and  S v e d b e rg * s  r u l e ,  s i n c e  288 r e s i d u e s  
w ould  c o r r e s p o n d  to  h i s  3 5 ,0 0 0  m o l e c u l a r  w e i g h t  u n i t .
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Towards 1940 th e  c y c l o l  t h e o r y  began  t o  l o s e  i t s  
a d h e r e n t s .  The d e n s i t y  o f  p r o t e i n s  was n o t  r i g h t ,
Bergmann*s r u l e  was b e i n g  d i s c r e d i t e d ;  i t  was a  
b i o l o g i c a l l y  u n i n t e r e s t i n g  m o l e c u l e ,  i t  d i d  n o t  lo o k  
a s  i f  t h e  c e l l  c o u l d  do much w i t h  i t .  I t  was 
p a r t i c u l a r l y  d i f f i c u l t  to  s e e  how s u c h  a s t r u c t u r e  
c o u ld  fo rm  m o n o m o lec u la r  l a y e r s  o n ly  l o £  t h i c k ,  an d  
how i t  c o u l d  so  e a s i l y  change  from th e  g l o b u l a r  t o  t h e  
f i b r o u s  fo rm .
I t  was s u r p r i s i n g ,  t h e r e f o r e ,  t h a t  L angm uir ,  
a t  t h e  end o f  one o f  h i s  u s e f u l  and  co m p e te n t  p a p e r s  on 
p r o t e i n  m o n o l a y e r s ,  loade t h e  s t a t e m e n t  w i t h  no 
e x p l a n a t i o n ,  t h a t  h i s  r e s u l t s  s u p p o r t e d  t h e  c y c l o l  t h e o r y  
(L a n g m u ir ,  1939;  s e e  a l s o  L angm uir ,  S c h a e f f e r  and . r i n c h ,  
1 9 3 7 ) .  T h i s  c a l l e d  f o r t h  a l e t t e r  t o  S c i e n c e  from 
A s t b u r y  and  B e l l  (1939 )  r e q u e s t i n g  Langrauir  to  s t a t e  t h e  
s t e p s  of  l o g i c  l e a d i n g  from h i s  r e s u l t s  t o  t h i s  
c o n c l u s i o n .  Langmuir  (1939)  l a t e r  w i th d re w  h i s  c o n c l u s i o n .
The c y c l o l  t h e o r y  was f i n a l l y  d i s p o s e d  o f  by 
P a u l i n g  and Niemann (1939)  i n  a  p a p e r  w h ich  i s  a  m a s t e r p i e c e  
o f  r e f u t a t i o n .  T a k in g  e v e r y  a v a i l a b l e  p i e c e  o f  p h y s i c a l  ' 
and  c h e m ic a l  d a t a ,  e a c h  p r o p  froip u n d e r  t h e  c y c l o l  t h e o r y  
was k n o ck ed  away; v l r inch  h a d  n o t  c o r r e c t l y  i n t e r p r e t e d  
t h e  I - r e  y d a t a ;  t h é  e n e r g y  o f  d é n a t u r a t i o n  was much s m a l l e r  
th a n  t h a t  r e q u i r e d  t o  b r e a k  c y c l o l  bonds^  t h e  s p e c t r a
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b e f o r e  and  a f t e r  h y d r o l y s i s  o f  a  p r o t e i n  a r e  so  s i m i l a r  
t h a t  c y c l o l  ty p e  bonds  co u ld  n o t  h av e  been  d i s r u p t e d  as  
th e y  would i  r e q u i r e  to  b e .  F i n a l l y ,  u n d e r  a t t a c k s  by  
B ragg  (1939)  B e r n a l  (1939)  and  R obinson  (1939)  cn t h e  
)C-r y i n t e r p r e t a t i o n ,  n o t  a  s h r e d  o f  e v i d e n c e  was l e f t .
The huge e d i f i c e ,  which  h a d  f i l l e d  t h e  l i t e r a t u r e  w i th  
e l a b o r a t e  n u m e r o l o g i o a l  s p e c u l a t i o n s  and which had  
g a i n e d  a p r o m in e n t  p l a c e  i n  r e f e r e n c e  books  w i th  a s e c t i o n  
on p r o t e i n  s t r u c t u r e ,  ( and s t i l l  h a s  in  some*.) was g o n e ,  
l e a v i n g  t h e  way c l e a r  f o r  a d v a n c e s  which  had  been unsough t  
owing to  t h e  c a p t u r e  by t h e  s t e r i l e  and m i s l e a d i n g  c y c l o l  
t h e o r y  o f  m ost  o f  t h e  t h o u g h t  on t h e  s u b j e c t .
Thus ,  a b o u t  1940 a  new e r a  in  p r o t e i n  c h e m i s t r y  
b e g a n .  The p r o t e i n  m o le c u l e  beg^n t o  be r e c o g n i s e d  a s  
a w o n d e r f u l l y  v e r s a t i l e  and a d a p t a b l e  m o l e c u l e ,  c a p a b le  
o f  ch n g in g  i t s  c h e m ic a l  and phy. i c a l  p r o p e r t i e s  by 
ch n g in g  t h e  s t a t e  o f  f o l d i n g ,  w i t h o u t  n e c e s s a r i l y  any 
c h e m ic a l  change i n v o l v i n g  c o v a l e n t  bonds a t  a l l .
I t  w i l l  be u s e f u l  t o  r ev ie w  th e  p r e s e n t  p o s i t i o n  
r e g a r d i n g  t h e  s t r u c t u r e  o f  th e  p r o t e i n  m o l e c u l e ,  f o r  i t  
i s  on t h i s  t h a t  t h e  b i o l o g i c a l  p a r t  o f  t h e  t h e s i s  i s  b a s e d
P r e s e n t  p o s i t i o n
A l l  p r o t e i n s  e x i s t  e i t h e r  i n  t h e  f i b r o u s  s t a t e ,  
w i t h  t h e  p o l y p e p t i d e  Chain  e x t e n d e d  and  l i n e a r  ( e . g .  s i l k  
f i b r o i n )  o r  i n  t h e  g l o b u l a r  s t a t e ,  w i t h  t h e  p o l y p e p t i d e
i f *
ch .ia folded into 9 ooof-^ 'ot ■ r-rp^.^ent I e .g . egg Ibumin) * 
or in ..n in orwedlato « undlt on (e .g . keraitIn, myosin).
Those prot’.-ian ...h ich do not 2 tu rally oe ur in the 
f i b r o u s  s t a t e  may f  i  l y  r e a  i l l y  be I n d o c u i  t o  u n f o ld  
bo cam fibrous by a. oido variety of ro la ively mild 
reagents.
.. vLJiLd
: r o t e  i n s  a.; ' bo d i v i d e d  i n t o  to o  o l a s e o s  -  f ibrou: . .  
nd g l o b u l a r .
The f ib rous  p ro te in s  coee is t  of r e l a t i v e l y  s t ru tg h t  
po lypep ti ie  oh ins r;vrranged pAr*-llel . o bn another ( s i l k ,  
s t re tch ed  wo-l, f i b r i n ) ,  whoia as the lob: 1' r  pro te ins 
consis t  of eh in/ which are folded bnckwards abd fo ivards  
in to  a stack of laminae ( sc^ figure 1 ) .
Fig .  !•
By s u i t a b l e  t r e a t m e n t  g l o b  1 r  p r o t e i n s  o n bo u n f o ld e d  
x iilo  l i b r e s  ( t o  g i v r  ' ' - r a y  d i  grams t y p l e a l  o f  t h e  fibrous 
r r o t  e l n s  I * The d e g r e e  o f  t r y  o f  v a r i o u s  m o l e c u l e s
h a s  be i n  fo u n d  :a i n l y  by w ta d l o s  o f  r ^ t c c  o f  s o d i u e n t a  t i o n  
ond d i f f u s i o n  mnd t o  some e x t e n t  by l i g h t  s c a t t e r i n g .  % g  
•:--.lbi5mdn hms been fo im d  to  bo ab o u t  1 x  a s  l o n g  a s  i t  I s  
t h i c k ,  i n s u l i n  e - 3  %, zein 20x an-f s i l k  i s  f  1 ly ex te n  io d .
It w ill be convenient to consider s ilk , wool and egg alb.m'L!
P i f\ f\
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a s  exem ples  o f  d i f f e r e n t  d e g r e e s  o f  f o l d i n g .
The X - r a y  d ia g ram  o f  s i l k  shows s p a c i n g s  a l o n g
t h e  f i b r e  a x i s  o f  7 A, c o r r e s p o n d i n g  t o  two r e s i d u e s
which  a r e  n e e d e d  b e f o r e  t h e  s i d e  c h a in  r e p e a t s  on th e
same s i d e  o f  tl?e p o l y p e p t i d e  c h a i n .  At 90^ a r e  two
s p a c i n g s  -  4-f A and  10 A, t h e  l a t t e r  c o r r e s p o n d i n g
t o  t h e  d i s t a n c e  b e tw e en  t h e  b ac k b o n e s  s e p a r a t e d  by s i d e -
o h a i n s ,  an d  t h e  f o r m e r  t h a t  a t  90^ to  t h i s .  Huggins
(1943)  h a s  p o s t u l a t e d  t h a t  t h e  c h a i n s  a r e  h e l d  p a r a l l e l
to  one a n o t h e r  by h y d ro g en  bonds b e tw e en  GQNH g r o u p s
in  n e i g h b o u r i n g  c h a i n s .  These  h y d ro g e n  bonds a r e
s t a b i l i s e d  by  t h e  r e s o n a n c e  w h ich  can t a k e  p l a c e  when
t h e  c h a i n s  a r e  a d j a c e n t .  C o n f i r m a t i o n  o f  t h i s  s t r u c t u r e
comes f rom i n f r a - r e d  a d s o r p t i o n  s t u d i e s ,  vC i c h  i n d i c a t e
- •
ab u n d a n t  N-H-0 bonds  i n  p r o t e i n s  (Pamondâl^i^^if) , The
s i d e - c h a i n s  o f  s i l k  a r e  a lm o s t  e n t i r e l y  n u n - p o l a r  (H and
CE^ ) . ,  i.hen p o l a r  s i  d e - c h a i n s  a r e  i n t r o  i u c e d ,  e s p e c i a l l y
i o n i s a b l e  o n es  ( f rom  l y s i n e ,  a r g i n i n e ,  g l u t a m i c  a c i d e ,
a s p a r t i c  a c i d )  t h e i r  m u tu a l  a t t r a c t i o n ,  when a d j a c e n t ,  t e n d s
t o  c a u s e  b u c k l i n g  and  c o n t r a c t i o n  o f  t h e  b a c k b o n e .  T h is
seems t o  be t h e  c o n d i t i o n  o f  k e r a t i n  ( A s t b u r y ,1 9 4 6 )  which
i s  t h e  p r o t e i n  o f  w o o l ,  h a i r ,  n a i l s ,  f e a t h e r s ,
q u i l l s  and i s  a c o n s t i t u e n t  o f  s k i n .  The e x t e n t  o f  t h e
b u c k l i n g  h a s  been somewhat r e s t r i c t e d  due to  c y s t i n e  - S - S -
l i n k s  be tw een  a d j a c e n t  b a c k b o n e s .  These l i n k s  may be
17.
b ro k e n  by  chemio«iX m ean s ,  r e s u l t i n g  i n  marked 
a l t e r a t i o n  i n  m e c h a n i c a l  p r o p e r t i e s  o f  k e r a t i n .
^h e n  w e t ,  wool may be s t r e t c h e d  up t o  d o u b le  
i t s  l e n g t h  (A s t b u r y  1 9 3 3 ) .  T h i s  i s  due t o  t h e  u n r o l d i n g  
o f  t h e  p o l y p e p t i d e  c h a i n ,  t h e  change  b e i n g  from t h e  
o(' t o  t h e y t f - f o r a  o f  k e r a t i n .  The &-r&y d i f f r a c t i o n  
p a t t e r n  ch a n g es  d u r i n g  t h e  s t r e t c h i n g  t o  one co m p arab le  
vvith t h a t  o f  s i l k .  I f  t h e  wool i s  i r i r d  w h i l e  s t r e t c h e d ,  
i t  r  m a in s  a t  t h e  new l e n g t h .  h en  a h a i r  I s  b e n t ,  t h e  
0 t s l d e  i s  s t r e t c h e d  and p a r t l y  t r a n s f o r m e d  i n t o  ^ - k e r a t i n ,  
hen  t h e  s t r e t c h e d  and d r i e d  wool i s  w e t t e d ,  i t  ■ 
i n s t a n t l y  r e g a i n s  i t s  o r i g i n a l  l e n g t h .  I t  i s  to  be n o t e d  
t h a t  s i l k ,  b e i n g  f  l l y  u n f o l d e d ,  can o n l y  be e x t e n d e d  3-4% 
o f  i t s  l e n g t h  b e f o r e  i t  b r e a k s .
The nttîiiber o f  b i s i c  s i d e - c h a P n s  in  wool i s  
a p p r o x i m a t e l y  t h e  same a s  t h e  nw aber  o f  a c i d i c  s i d e - c h a l n s .  
T h i s  i s  n o t  uncommon; i t  o c c u r s  a l s o  i n  m 'yosln  and  egg 
a lb u m in  (Speakman and H i r s t , 1 9 3 3 ) .  (Myosin c o n t a i n s  much 
l e s s  c y s t i n e  t h a n  wool and so  i s  an ’u n v u l c a n i s e d ’’ v e r s i o n  
o f  w o o l .  I t  can  be s t r e t c h e d  t o  5 x i t s  o r i g i n a l  l e n g t h ) .  
T hese  s i d e - c h a i n s  h ve  io n  I s  - t  io n  c o n s t a n t s  o f  such  v a l u e  
t h a t  t h e  g ro u p s  o r e  a lm o s t  e n t i r e l y  i o n i s e d  a t  pH 7 .  Thus,  
wool may be l i k e n e d  to  a c r y s t a l  o f  l laCl w i t h  a l l  t h e  i o n s  
on a  f o l d e d  s t r i n g ,  t h e  i o n s  b e i n g  a n a lo g o u s  to  t h e  
i o n i s e d  s i  d e - c h a i n s  in  t h e  p r o t e i n  i n o l e c u l e .  In  jNaGl, t h e
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i o n s  a t t r a c t  ono a n o t h e r  and  move a s  c l o s e  t o g e t h e r  a s  
p o s s i b l e ,  so t h a t  t h e y  a r e  in  c o n t a c t .  I r o t e i n s  w i t h  
i o n i s a b l e  s i d e - c h a i n s  t e n d  to  do t h e  same; t h u s ,  i n  wool,  
v a r i o u s  s t a t e s  may be r e p r e s e n t e d  a s ;
- © ----------------© --------------- - e x
s u p e r o o n t r a c t e d
■©--------------
norm al  s t r e t c h e d
The s a l t  l i n k s  in  wool a r e  m a i n l y  be tw een  a r g i n i n e  and 
g l u t  m i 0 a c i d  r e s i a u e s .
u o o l  may be s u p e r o o n t r a c t e d  to  a b o u t  t w o - t h i r d s  o f  
i t s  l e n g t h  by b r e a k i n g  t h e  r - S  c r o s s - l i n k a g e s  by s t e a m i n g .  
Myosin in  m u sc le  c o r r e s p o n d s  to  s u p e r o o n t r a c t e d  w oo l ,
( A s t b u r y  1 9 4 6 ) .  h a t e r  r e d u c e s  i n t e r a c t i o n  be tw een  th e  
s i d e - c h a l n s ,  r e d u c i n g  th e  e n e r g y  r e q u i r e d  to  s t r e t c h  i t .
The H a t u r e  o f  th e  F o l d  i s  s t i l l  u n d e c id e d ,  b u t  
s e v e r a l  s u g g e s t i o n s  have  been  p u t  f o r w a r d .  A s tb u r y * s  o l d  
s t r u c t u r e  ( 1 9 3 . )  , v / i th  two r e s i d u e s  i n  each  f o l d ,  a c c o u n t s  
f o r  t h e  d o u b l i n g  o f  t h e  l e n g t h  o f  s t r e t c h i n g ,  bu t  h a s  been 
c r i t i c i s e c i ( N e u r a t h , 1 9 4 0 )  a s  n o t  l e a v i n g  enough room f o r  t h e  
s i d e  c h a i n s ,  which a r e  on th e  same s i d e  o f  t h e  m o le c u le  i n  
two s u c c e s s i v e  r e s i d u e s  a t  t h e  f o l d ,  i n s t e a d  o f  on o p p o s i t e  
s i d e s  a s  i n  t h e  s t r a i g h t  c h a i n .  I f  one o f  t h e  r e s i d u e s  c o u ld
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The backbone  d i r e c t i o n  i s  t u r n e d  th r o u g h  ab o u t  90^ by t h e  
o v e r t u r n i n g .  I f  t h e  n e x t  r e s i d u e  a l l o w s  o f  t u r n i n g  o v e r ,  
i . e .  i s  e i t h e r  g l y c i n e ,  p r o l i n e  a g a i n ,  o r  an amino a c i d  
r e s i d u e  w i th  s i d e - c h a i n  t h a t  i s  no t  to o  b u lk y ,  t h e  c h a i n  
V i l l  be t u r n e d  b ac k  t h r o u g h  a n o t h e r  90^ and  p r o c e e d  a l o n g ,  
g i v i n g  two p a r a l l e l  a d j a c e n t  c h a in s  h e l d  t o g e t h e r  by 
h y d ro g e n  bonds  s t a b i l i s e d  by  r e s o n a n c e .
P r o l i n e  ( o r  h y d r o x y i^ r o l in e ,  which  h a s  t h e  same 
e f f e c t )  o c c u r s  t o  t h e  e x t e n t  of  ab o u t  10^  i n  many p r o t e i n s ,  
so  t h a t  t h e  backbone  w i l l  be  d e v i a t e d  from t h e  s t r a i g h t  
a t h  a b o u t  v v e ry  t e n  r e s i d u e s ,  w h a te v e r  t h e  ca u se  o f  t h e  
f o l d ,  i t  a p p e a r s  t h a t  t h e  backbone  in  g l o b u l a r  p r o t e i n s  
r u n s  backw ards  an d  f o r w a r d s  t o  form a  s h e e t  o r  la m in a  w i th  
t h e  s i d e - c h a i n s  s t i c k i n g  o u t  a t  90^ r i g h t  a n g l e s , a l t e r n a t e l y  
on o p p o s i t e  s i d e s  o f  t h e  s h e e t .  The s i d e - c h a i n s  f o m  
p a r e l l e l  rows a t  r i g h t  a n g l e s  t o  t h e  d i r e c t i o n  o f  t h e  
b a c k b o n e .  Many p r o t e i n s  h av e  more n o n - p o l a r  g r o u p s  on th e  
one s i d e  o f  t h e  l a m in a  th a n  th e  o t h e r ,  and  some a p p e a r  to  
h ev e  a l l  t h e  n o n - p o l a r  on one s i d e , a n d  th e  p o l a r  on t h e  
o t h e r  ( A s t b u r y ,  1946;  P a l m e r , 1 9 4 4 ) .  F o r  t h i s  t o  be  p o s s i b l e ,  
t h e  number o f  n o n - p o l a r  amino a c i d s  m ust  e q u a l  t h e  number o f  
p o l a r  o n e s ,  and  t h i s  i s  a p p r o x i m a t e l y  t h e  c o n d i t i o n  i n  egg 
a lb u m in ,  a s  w e l l  a s  i n  a  number o f  o t h e r  p r o t e i n s .
B e fo r e  t r e a t i n g  th e  s t r u c t u r e  o f  egg a lb u m in  i t  w i l l
f 1.
be n e o e e g  ry t o  d i g r e s s  f o r  m moment o** to  p r o t e i n  
m o n o la y e r  , w h ich  p r e - e x i s t  I n  g l o b o l a r  p r o t e i n s  {«s 
l a m i n a e ) « .
MUjyb vLaOULftil L -  üpreadlaK of .p ro te ins ,
t h e
I f / s u r f a c e  f  ' « s t e r  i s  s p r i n k l e d  wltf t  t e l e  and  a
d r o p  o f  p r o t e i n  s o l u t i o n  p l a c e d  in  t h e  c e n t r e ,  t h e  t a l c
I s  p o sh e d  beck* î h e  p r o t e i n  s p n - a d s  on a r o u g h l y
e l r c  l » r  p # l c b , l a  t h e  lo rm  ox' a e o n t l n a o r s  l a m in a  «md
when c o i s p re s s e d  h s s  m a i n l y  t h e  h y d r o p h o b ic  s l d e - o h a l n s
In  t h e  a i r  and  t h e  h y d r o i d i i l l c  ones  i n  t h e  v m t e r .  The
a r e a  o f  t h e  I s m I n s  i s  r e m a r k a b l y  a n1form* b e i n g  a p r o x -
l i o a i e l y  1 s q ,  m e t r e  f o r  m  ch m i l l i g r a m  o f  tny  p r o t e i n
#
ut;©d. T h is  i s  Worn u s e  t h e  B.rm i s  by t h e  f o l d  d
b ao k b o n e ,  which l a  t h e  s \m e In  e l l  p r o t e i n s  ( w i t h  second  
o r 1e r  d i f f e r e n c e s  due e , g .  to  p r o l i n e ) #  The Im yer  i s  
a b o u t  10 A th ld k ^ w h io h  he .^s been  o^^lcul?^.ted ( s )  f rom t h e  
A f e ^ / w e l g h t  p r o t e i n  u se d  an d  t h e  d e n s i t y  o f  t h e  p r o t e i n ,
% L engm olr ,  19B9 ) ( b l  by  l l r e o t  m o a s u r e i o n t  o f  2000 l a y e r s  
o f  egg vtlhxmln deposited on % g lass p la te  by repented 
d i p p i n g  i n t o  t h e  « s t a r  s # ; p o r t i n g  t h e  m o n o la y e r ;  t h e  
m u l t i l a y e r  was s t r i p p e d  o f f  t h e  g l a s s  pl^  ^ t e  and m e asu red  
A i th  m icro :  t e r  ( â s t b u r y  e t  m l ,  1^39J*
The egg  s lb m a ln  a o l e o u l e  c o n s i s t s  o f  f o u r  suc^  
m o n o la y e r s  ( l a m i n a e )  s u ^ e r t a p o s a d ,  In  f i / U  4 w i th  
h y d r o p h i l i c  s i d e  to  h y d r o p h i l i c  s i d e  a n !  h y d r o p h o b ic  to
22.
h y d r o p h o b i c  ( P a lm er  , 1 9 44 )•
^l^ydiToP^c>ljtc ^ i d c _________ _— C Lk
 —— Ky di^ph.{ i( c Çf4x^ / / / j w  / ' ^
Pntei'i^ j'&k/vma
T h a t  th e i ' e  a r e  f o u r  l a m in a e  was fo u n d  t h u s :  t h e
’ %
s i z e  o f  t h e  m o le c u l e  i s  known t o  be 40 A from 
s e d i m e n t a t i o n  and  d i f f u s i o n  s t u d i e s ,  , i v i n g  f o u r  10 A 
l a y e r s .  F u r t h e r ,  e a c h  m o le c u l e  s p r e a d s  t o  an a r e a  o f  
f o u r  t im e s  i t s  c r o s s - s e c t i o n a l  a r e a .
uhen an xlbumdn m o l e c u l e  h i t s  t h e  s u r f a c e  o f  t h e  
vvater ,  i t  u n f o l d s  l i k e  a book o r  c o n c e r t i n a  t o  g i v e  a  
s h e e t  w i t h  h y d r o p h o b ic  s i d e - c h a l n s  on one s i d e ,  and  
h y d r o p h i l i c  ones  on t h e  o t h e r ,  w i t h o u t  a n y  s e r i o u s  
a l t e r a t i o n  i n  t h e  m o l e c u l e .  A 10 A l a y e r  w i l l  s t i l l  
combine w i t h  egg a lb u m in  a n t i b o d i e s  (R o then  and 
L a n d s t e i n e r ,  1959) t h e r e f o r e  o n l y  u n l e a f i n g  o c c u r s ,  w i t h  
no l o s s  o f  p a t t e r n .
S p r e a d i n g  a s  a  m o n o la y e r  h a s  f r e « ? u e n t ly  been  s a i d  
t o  d e n a t u r e  p r o t e i n s ,  b u t  t h i s  d o es  n o t  n e c e s s a r i l y  o c c u r .  
Da.vl'URATlON.
D é n a t u r a t i o n  i s  a  l o o s e  te rm  r e f e r r i n g  t o  a  change
« a .
1» aoXm-ilf’-V oeariiîsrstloa  esB -lly  «»soei.«i«a *ltîs 
âeereKa. e t  m l e b l l i t y ,  r& e t  n e t i v i t y  i t  -.b es*?»®, asâ often
means the æ i olâiîsg of tïis protela îjsakbaae se tbat ae»
ferrsBit@sï«îife« asÿ '&« tfc;,eîi, ap, .:-<;.-®erslfefXîty de^eBde 
es 'àiîgtbeï* tr.e se# âfritagmatmta «r® le s s  s : #61® $h*a tbe 
u m ttra  %rrî!Bg<Ha®st sr «et l ï ’s s i l s e  mû Uimma-.,,,
@.g. pepBla m û  trypela rssairi aeti®e %»
\
p rôtêô ly tte  ewrnymes affesr h«ŸlïJf e.xm sprssiâ en % ««ter 
«nrfsoe, «n.er#ae mes* «thcr m tfm m e  de s e t  (Kaareth «t s.;.,
1^441 ! •  neske ®B®3«ie» ïsay w  8i:r-:-'#»4 as s  menel&yer en 
gi«S8, ftïi-S eïia« s  dilTf.;.rênt set tr ity  «feïsa %k& bydrophofele 
side i s  te»-arà® the «v'iettas- thsa «hea- Ihe hydre^til W 
BiAm Is (t,«a|^8ir B»d Sah®,eff«r,lSB0). ï'hf eid«
Jiff*(Seatis#  l i m X t  te  tke solatitSQ m y  b eontre leâ  by 
pr6<-tr«stiBf the glmme*
.8.
I t  fcae bees iBâie(s.tea he% tb-r profresEi®® feldtng
e f  tlie stre ig îit  j-.0 lypefstld« b^ekbese preiaeés ç-eflea* typ«‘S 
of p rote in s. Consider ne® the reversa prooess. tW t s f  
is&kiï^ fibr%$ t v m  g iefeslsr p rotein s.
;.'ic f i r s t  systbistie prêt , la  fibre» »«r; si-sde fress • 
f è i a t i s  in 10W , î s  g e lu tî» , tbe &%@mbOR# i» « Iready 
sinfolâeS ®a-1 fib res e«r. bs predaesd sa r s iy  by dipping « 
rfisss reâ is to  s  esma o@neestrs.Sf â solatium ef rî l a î l s  
1® e t  saitsfel<i3 r ts e e e lty , ârswiïtg »t#(sdily at
% fa s t  PR te ,  th is  * l l # e  th« backboae» p‘„.rsll«l te th» 
fib re  »* i» .
24.
S in c e  a s u i t a b l e  t e c h n i q u e  i s  a v a i l a b l e  f o r ,  g e l a t i n ,  
i t  f o l lo v / s  t h a t  g l o b u l a r  p r o t e i n s  s h o u ld  form f i b r e s  i f  t h e y  
can  be made t o  u n f o l d .  I n  many c a s e s  t h i s  c a n  be done by 
h e a t i n g  and s u b j e c t i n g  t h e  p r o t e i n  s o l u t i o n  ho a h ig h  s h e a r  
s t r e s s  (L u n d g re n ,  1 9 4 3 ) ,  o r ,  a l t e r n a t i v e l y ,  by t h e  a d d i t i o n  
o f  r e a g e n t s  w h ich  b r e a k  h y d ro g e n  bonds and s a l t  l i n k s .  ' Ihese 
r e a g e n t s  b r e a k  t h e  l i n k s  by  b e in g  a d s o r b e d  a t  t h e  a p p r o p r i a t e  
s i t e  on t h e  p r o t e i n  i n  p r e f e r e n c e  t o  t h e  p o r t i o n  o f  th e  
p r o t e i n  m o le c u le  i t s e l f ,  w h ich  i n  t h e  n a t i v e  s t a t e  i s  
a d s o r b e d  on an  a d j a c e n t  p a r t  o f  t h e  c h a i n .  R eag en ts  c a u s in g  
u n fo ld in g ;  a r e  t h e  s y n t h e t i c  d e t e r g e n t s ,  e . g .  sodium 
l a u r y l s u l p h a t e ,  c e t  y 1 t r im e  t h y  lammonium brom ide ,  sodium 
i s o p r o p v l n a p h t h a l e n e  s u l p h o n a t e ,  e t c .  ; 75% e t h a n o l ,  m e th a n o l ,  
b u t a n o l ;  s t r o n g  AgNO^, C u ( K O H ,  t r i c h l o r a c e t i c  a c i d ,  
a n i l i n e ,  u r e a ,  p y r o g o l l i c  a c i d ,  g u a n i d i n e  h y d r o c h l o r i d e ,  
( R u t t i n g ,  o e n t i  and C o p ley ,  1 9 4 4 ) .  d u r f a c e  a c t i v e  a g e n t s  
may make t h e  p r o t e i n  more s o l u b l e .   ^ by b e in g  a d s o rb e d  on t h e  
h y d r o p h o b ic  g ro u p s  ( P a lm e r ,  1944, P a n k h u r s t  and  Sm ith ,  1944) 
r e n d e r i n g  i t  h y d r o p h i l i c  ( f i g . 5 ) .
Q
cj roup 
cj\roof>.
L
S .
A complex l i k e  t h i s  formed w i t h ,  s a y ,  l a u r y l s u l p h a t e ,  
may be s p l i t  w i th  BaCl ( re m o v in g  l a u r y l s u l p h a t e ) ,  
l e a v i n g  t h e  p r o t e i n  f r e e  t o  f o l d  up a g a i n  (Putnam and  
N e u r a t h ,  1944)#
Ih e  p r o p e r t y  o f  t h e  p r o t e i n  m o le c u le  which a l l o w s  
i t  t o  be  f o l d e d  in  d i f f e r e n t  ways h a s  been e x p l o i t e d  by  
l a u l i i . g  who announced  t h e  f i r s t  p r o d u c t i o n  o f  m t l b o d i e s  
i n  v i t r o  /  P a u l i n g  and v em p b e l l ,  1942 .1)^- g l o b u l i n  was 
c a u s e d  t o  u n f o l d  and  th e n  to  r e f o l d  s lo w ly  in  t h e  p r e s e n c e  
o f  an  a n t i g e n .  R e f o l d i n g  o c c u r r e d  when th e  u n f o l d i n g  
a g e n t  was removed, e . g .  by a  s low r e t u r n  t o  n e u t r a l i t y  
a f t e r  t h e  a d d i t i o n  of  a l k a l i  t o  jiH 11; t h e  slow removal  o f  
u r e a ;  o r  slow c o o l i n g  a f t e r  h e a t i n g  t o  65^0 .  The g l o b u l i n  
r e f o l d e d  on t h e  s u r f a c e  o f  t h e  a n t i g e n  and  r e p r o d u c e d  i t s  
p a t t e r n .  T h i s  work does  no t  a p p e a r  t o  have  been  
r e p e a t e d .  However,  by d raw ing  a t t e n t i o n  t o  t h e  v e r s a t i l i t y  
o f  t h e  p r o t e i n  m o l e c u l e ,  i n  h i s  o o m p r .h e n s iv e  r e v ie w  i n  t h e  
l i g h t  o f  t h e  p r o p e r t i e s  o f  a toms and m o le c u l e s  and th e  
known f o r c e s  be tw een  them , l a u l i n g  (1940)  f r e e d  s c i e n t i f i c  
th o u g h t  on t h e  p r o t e i n  m o le c u l e  from t h e  p r i s o n  i n  which 
i t  h ad  been  k e p t  by t h e  c y o l o l  t h e o r y .  A g iv e n  p r o t e i n  
m o le c u le  became s o m e th in g  which  co u ld  h a v e ,  w i t h o u t  g r e a t  
e n e r g y  ch an g e ,  an  a lm o s t  i n f i n i t e  number o f  c o n f i g u r a t i o n s ,  
e a c h  a s s o c i a t e d  w i t h  d i f f e r e n t  c h e m ic a l  and  p h y s i c a l  
p r o p e r t i e s .
2 6 .
{C) S ome f a c t o r s  i n f l u e n c i n g  s d s o r  t i o n  on t o
pr o t e i n s •
( i )  S t e r i c  f a c t o r s  l i m i t  t h e  k i n d  o f  m o le c u l e  
t h u t  can a t t a c h  i t s e l f  t o  a n y  p a r t i c u l a r  s i d e - c h a i n  
in  t h e  s u r f a c e  o f  a p r o t e i n  m o l e c u l e . s i d e - c h a i n s  o c c u r  
i n t e r v  I s  o f  74 JLong e a ch  c h a i n .  The c h a in s  a r e
4 . 5  a p a r t ,  so t h a t  each  s i d e - c h a i n  o c c u p i e s  an  area.
2o f  5 1 .5 4  • T h i s  means t h a t  t h e  s i d e  c h a i n s  a r e  a lm o è t
i n  c o n t a c t ,  f o r  t h e  a r e a  o f  a  m o l e c u l e  o f  f a t t y  a c i d  o r
amine (m e a s u re d  i n  c o m p re s s e d  f i l m  on th e  Lan^m uir
t r o u g h )  i s  20 ~ h e n o l  o c c u p i e s  24A^, c y c l o t e x a n o l
50 an d  c h o l e s t e T o l  40 A^ (Adam, 1 9 4 1 ) .  The s u r f a c e
p a t t e r n  o f  a  p r o t e i n  m o l e c u l e ,  t h e r e i o r e ,  i s  r a t h e r  l i k e
t  a t  o f  a t  t h e  end  o f  a b u n d le  o f  r o d s  o f  u n eq u a l  l e n g t h .
he a c i d  s i d e - c h a l n s  a r e  f a i r l y  s h o r t  ( t h a t  o f  g lu ta j r i ic
a c i d  - 0 %  -GHg -CÜÜH i s  5 . 7  A, a s p a r t i c  a c i d  -CHg -COOH i s
4 .4A ) w h e r e a s  t h e  b s i c  s i d e - o h  i n s  a r e  l o n g e r  ( t h a t  of
l y s i n e  -CHg - 0 %  -CHg - M g  i s  9*0A, and  o f  a r g i n i n e
-CHg -GHg -NH -  G *^^2 i s  10*34 ,  o f  p h e n y l  a l a n i n e
7.2Â; t y r o s i n e  8 . 2  etc) .
The a c i d  g ro u p  b e i n g  r e 1 l i v e l y  s h o r t  w i l l  i n
g e n e r a l  t e n d  t o  o c c u r  a t  t h e  bo t to m  o f  h o i r s  o r  d e p r e s s i o n s  
i n  t h e  p r o t e i n  s u r f a c e ,  u n l e s s  t h e r e  happen,  r to  be
s u r r o u n d i n g  them aiuino a c i d s  w i th  s o r t e r  s i d e - c h r i n s
su ch  a s  g l y c i n e .  T hus ,  a  w ide  c a t i o n i c  m o le c u l e  such  a s
7.
an lAcridln.. dye m/iy n o t  be ' - b l r  t o  g e t  do%n th e  b o l e  
to  t h e  o pos  1 1 e l y - c h a r g e d  ^ ro u p  in  opmc p r o t t j l n s  
w h e rea s  n a r r o w e r  f a i t y *  mln e such  a s  l a m  y l m i n e  
c o u l d  e a s i l y  1o s o .  .rome e v i d e n c e  i o r  t h i s  oones  f r o r  
lae work of ibar! , Rubbo and G ol da ere, w-o showed tha t 
! he  a t  I b m o t e r l e l  a c t i v i t y  o f  acii i i n o  " u i t i s e p t i c s  
{ a p o u d in g  on a d s o r p t i o n  on to  b a o t e r l a l  p r o t e i n )  was 
no t  a f f e c t e d  by t h e  p re se ao e  o f  sariam p r o t  im s ,  w h e rea s  
t h e  a n i i b a c t e r i f e l  a c t i v i t y  o f  l a u r y l a m i n e  g r e a t l y  
r e d u c e d ,  a r o s t m ^ b l y  by rem o v a l  duo to  a  i so r t  t i o n  on to  
t h e  aorum p r o t e i n s *
( i l )  0  e f f e c t s  t h e  e u a rg e  on t h e  r r o t a i n  and  on 
t h e  i o n i s i n g  g r o u p s  i n  i t ,  bu t  the  c a r b o x y l  nuâ -m tno  
a r : u p  w i l l  be w h o l ly  i o n i s e d  in  t h e  pH r a n g e  4 - 1 0 ,  so  n o t  
aiueh d i f f e r e n c e  in  them ou I d  be e x p e c t e d ;  b u t  
w i t h  h i s t i d i n e  (pK « 6 i  and  c y s t a i n e  ( pFlw) $ome e f f e c t s  
h c ù ld  be o b se rv e d *
e f f e c t  o f  pH on i n h i b i t i o n  o f  b a c t e r i a l  g row th  
by a c r i d i œ  c a t i o n s  wu me.-.aured by I W r t , Rnbbo, U o l d n e r e , 
Davey anç u tc n e  (iv4-S’| ,  . ho found th a t  a  10-roXd ' in c re a s e  
i n  v o r i d l a e  a n t i b m c t c r i u l  ^igent c o u ld  be  bt&lanoed by a 
i v - f o l d  i n c r e a s e  in  h y d ro g :en - io n  con c e n t  r a t i o n  o v e r  <5 1000- 
f o l d  r a n g e  o f  c o n c e n t r n t i o n  { | i i  5 - Ô ) .  r h i s  s u g g e s t s  t h f ' t
2B,
i y ,  c a t i o n  ntiû hydro . ;en  Ion a r e  co m p e t in g  f o r  atU*or* t i o n  
on t h e  p r o t e i n ,  and t h a t  t h e  dye i s  a d s o r b e d  on a c i d  
s i  0- can i n s  on . 'ihioh pH7 t h e  h y d ro g en  io n  t h e  
norm al  o o o u p m i t . ( o .g #  a y s t e i n e  o r  t y r o s i n e ,  pK 1 0 ) ,  
r a t h e r  t h a n  c a r b o x y l  g r o u p s ,  fro% which  th o  h y d ro g en  
1 n  i s  n o r ^ H l l y  a b s e n t  t  pH 7 .
( i l l )  T g l t  Coii o o n t r ^ t l o p
The %Éi n e a r  t h e  s u r f a c e  o f  n c o l l o i d a l  p a r t i c l e
i s  n s u f a i y  d i f f e r e n t  f rom  t h a t  in  t h e  b u lk  o f  t h e
s o l u t i o n .  D a n ie U i  (1957)  &nd H a r t l e y  m\û  Roe
showed that-  t h e r e  m ig h t  be a  d i f f e r e n c e  o f  up to  £
n m l t s ,  t h o t ^ h  i n  p r o t e i n s  t h e  d i f f  r o n c e  I s  u : u l l y
a b o u t  1*5 u n i t s .  The f o l lo w iz ,  ; i s  a  rough  wcthod o f
fcStlmr. t i n g  t h e  e f f e c t ,  t o  D a n ie l l i ( lQ b (  ) ,
u o n s i  Atgr egg a lb u m in  n t  pH 7* The c o n c e n t r a i t  Ion
o f  n a  t t i r e  c h a i n e d  g r o u p s  in  t h e  volume of  t h e  e l e c t r i c  i
i i f
doublis l a y e r  i s  30# l ieuoo to  p r e s e r v e  l e e r  r i c a l
t'j
: » utin^ilty ,  t h e  conW",of sod 1 mu ion m ust  be tSt5* i t  t h e
b u lk  G c n o e h t r ^ t i  m o f  Ma 01 i s  i'Ovv' ♦ t h e r e  i s  3q t im e s  
ms much Ne io n  In thv? u n r fn o n  p h a s e  «is t h e r e  i s  i n  th e  
b u l k ,  a n d ,  a c c o r d i n g  t o  t h e  mni.e.n  e q u i l i b r i u m ,  t h i s  
r n t i c  I s  t h e  f o r  o t h e r  m o n o v a le n t  c i t i o n s  p r e s e n t ,
60 t h a t  t h e  d iif^i^anc^-  i& t h u s  l » ^  u n i t s .  bijf?iil<=?rly.
1n e g a t i v e l y  cm rg e d  i o n s  w i l l  be o n ly  ZD c o n c e n t r a t e d  
i n  t h e  s r r f a e e  p h a s e  In t h e  b u lk  ph^^se. H aro s  f o r
a s .
sAsssl c s a c e T i t r s t l o a B  o f  c  s l o n l o  s n i  a r i i o n i c  dye g in  
t h e  bülK -hîsise, %rs o ^ t i o n i e  one « e r t l j  h a v e  IQuq t i r ,« e  
t h e  o o s o e e t r a t i o n  It; t h e  &urf oe j h e s e  a M  t e n d  noy t o  
go  OR t h e  p r o t e i n .  Ms‘R ing  th e  o o n o e n t r a t i o n  o f  Na üX 
In t h e  b u l k  p h a s e  t o  l & r g e l y  «ip< o a t  t h i s
j l f f e r w D c *
T h is  1& l a  âc'üordi w i t h  t h e  work o t  I k e s ,  f r % m r ,  
and  ( i i^45)  on t h e  f l o c c u i a t i o n  o f
: r o t % i n s  b y  p o e l t i v e i y  %&d negm 11v e l y - c h a r g e d  ;&uieioR 
P ^ i n i c l  B u i  v a r i o u s  ^  v a l u e s *  A d d i t i o n  o f  e ^ l t  
c f iuses  o v e r l a p  In  t h e  r - n g e  l u  which ty p e  l a
c f  e o t l v e #
i t h  v e r y  h i g h  o n o e n t r a t i o n s  o f  a% lt  i n  t h e  b a lk  
p h a s e ,  ( i . e .p ' lg % r ' )  &11 io n s  %mnû t o  b, l e s s  c o n o o n t r  ' t i  d 
In  tn e  S' r fgiue p h a s e .
Most o r g » n l ^ . g  o^n o t  t o l e r a t e  ^ medium c o n t a i n i n g
more t h a n  6 o f  Ha G i ,  a l t h o u g h  some b e o t e r l%  c o n t i n u e
t o  g r o ’Â I n  up t o  25 • Nm 01 .  l l  a u s t  be I n e r a ^ s i n g l y
j i f f  ior I t  f o r  t h e i r  uuzyram  to  h av e  a n y t h i n g  t o  do 1 th  I o n i c
f a e i e b o l l t e e  f o r  t h e y  w i l l  W  In  # much lo m e r  o o m c e n t r a t i o n
i n  t h  e a r f e o e  1 y e r  p r o t e i n  th a n  In  t h e  b ^ Ik  o f  t h e
a o l e t l o n ,  Tha^ t h e  met&bollmm o f  i m p o r t a n t  i o n i c  e u b s t r ^ t e g  
s u c h  09 ^ a e o ln m te .  p y r u v a t e  m û  gXaeose  p h o e p h a te  i l l  b
g r e a t l y  Alo»ed  down b e c a u s e  o f  t h e i r  d i l u t i o n  i n  t h e  e u r f ^ o e
3 0 .
3. 4 ’î sofj-tioa of wyes m  to Foli e l  an : Loroiaed 
"rotelas i u Vitr o .
In th is  moot lorn i t  w in  b# sho^n that ü 
l&rge laer<L:*&e of dye upte e ooours #hen u prot  ^in 
t^olacule is  uaioiled; tha t thla^ aaa be ehel whoa the 
moieeole i s  f o l d e d  op This change in a d s o r p t i o n
Oh im old ing lo ro flue tod in the i lading that the 
rotoim e rro r  of aarna elbumin with pH in Uoetora oh&ngee 
sign on unfolding; mbaolnte muomtB of  dyes adsorbed on 
monolayt^rs have been s i  varions dye
.eoaoohirations fo r  use In the biolo io s l pert (Section 
B ) ;  a n t  a s  ^ p p a r s t n s  h a s  been  d e v i s e d  ( t h e  **i n v e r s i o n  
tube''} for Ihu continuoas product ion of seigh&ble 
quan tities  of oollspsed moROaolemular layers of protein# 
Most of the #ork was done # ith  the o ition ic  
jyo S-^mlnosorldimc# This hms sovoral a d v s n t s g e s :
( 1) i t  i s  r e la t iv e ly  stab le to  lig h t ar#d oxygen (Falir 
and Thom##, 1844) which is  an ^dv^ntmge in qnsntit liv e  
experiments requiring several dsys of luanipulatlon of 
the dye solutions*
111) i t s  io n isa t i n  constant i s  such (pKn #10*0) that i t
/
i s  p rse tie s i  y lüQ$ ionised 4 i lW r t  nnd Goid»cre,lâ46), 
S t  i^i 7 ,
( i l l )  i i  i s  o f in terest as R baetoriosstatio ageal and i t s  
derivatives bevw besa stadled in amny biologla&l and 
pftyeiao-eîi^aîiiosil sspoots by i l k  rt m û  hl> co-worter«
51 .
I A lbert,L'te ioc e l  ; \  
fivi It Is CT ay to |hotom trie lly, hmXn.^
» s t r o n g  § .0 a o r p l io n  Tand 1. t h e  v i o l e t ,  maù 
atroiigcr ones in t w  u itr^ T lo let,
( t )  i t s  high b . c to r lo s ta t ic -. power, Khleh pmrenta 
growth of mmy bwcterta In ooa cent M l Iona low 
ns l:lUg,pOO , la a gro&t advaatago lu oor  ^
protein aoltîtiu sa , *Kioh would at?erwiae di o^ozapoae 
to seme extent during the time r,-;;;irod t e r  
ouBlllhrl:m (îorlîig adsorption and d lalyala , etc#
Thna, it %aa uot meoeaumry to confine the meafsureiuer: ta 
to te^poMtorea n m r  0.
U rym te l  v i o l e t  %hloh i s  » l a o  o ^ o t o r l o o t u t i c  
an d  e a s y  t o  e s i i m a l e ,  w&d a d e o r b ^ d  a t r o n g l y  an p r o t o i n s  
In tiVen lo#or ooneentrmtlona then 5 -« in o a er ld ln e , was 
osiid a l s o  t o  a  ^m $l l  e x t e n t #  I t  h%s t h e  d l s M v a n tm g e  t u n t ,  
* h l l e  on f i r s t  b e i n g  d lu & o lv e d  I t  i s  I w #  i o n i s e d  '■■•« 
a a t i o n ^ i t  &XmXy fonas a aolourleaa emrblnol base, 
n< iver tho lea 's$  f o r  %ork % e l i  be low  pE 9 ,  t h i s  d o e s  s o t  o e u o r  
t o  a n y  a e r i o o s  e x t e n t  ( G o idaoro  and P h i l l i p s ,  1 . 4 9 ) *
N e u t r a l  r e d  *%a #%lso a t o d l e d ,  W o a o a e  o f  t h e  
way Ui %hlGh i t  i s  a o o im n lm ted  by  l i v i n g  c u l l s .  In o e  i t s  
pK i s  nomr 7 ,  a n b a t ^ o a t l a l  j m m t B  o f  b o ih  t h e  t o x i s ^ d  a n l  
union la w  ïonus e x is t  mt the ubyalologlewl # i .  This 
I t  r e a d i l y  t o  p e n e t r & t o  c e l l  mmhrnUBB  Wavs;on a n l  u ^ n l e l l l ,  
(1943); If u lso produces amic Inters stln^ n isorption e ffe o ta .
3 f .
b o t h  a s  t h e  pH i s  v a r i e d  and a s  th e  p r o t e i n  m o le c u l e  i s  
u n f o l d e d .
Of t h e  p r o t e i n s ,  egg a lb u m in  an  1 serum album in  
w ere  u s e d  m ost  b e c a u s e  a  c o n s i d e r a b l e  amount of i n f o r m â t  Ion 
i s  a v a i l a b l e  a b o u t  them and  b e c a u s e  t h e y  a r e  e a s i l y  
p u r i f i e d .  K e r a t i n ,  c o l l a g e n  and  m yos in  were u se d  a l s o .
The m a in  p ro b lem  was to  m easu re  a d s o r p t i o n  on 
u n f o l d e d  p r o t e i n  m o l e c u l e s .  . i t h  k e r a t i n ,  t h i s  can be 
done d i r e c t l y  by  u s i n g  wool f i b r e s ,  w h ich  how ever ,  th o u g h  
i n  t h e  f i b r o u s  s t a t e  and  Im o s t  c o m p l e t e l y  u n f o l d e d ,  a r e  
n o t  c o m p l e t e l y  so  u n t i l  s t r e t c h e d  t o  d o u b le  t h e i r  n a t u r a l  
l e n g t h .  A f t e r  some t r i a l s  w i t h  i n d i v i d u a l  f i b r e s  s t r e t c h e d  
on g l a s s  h o l d e r s ,  i t  was n o t  c o n s i d e r e d  p r a c t i c a b l e  to  
m e a s u re  t h e  a d s o r p t i o n  o f  s t r e t c h e d  i ^ )  k e r a t i n ,  owing t o  
t h e  d i f f i c u l t y  o f  s e c u r i n g  th e  ends  w i t h o u t  u s i n g  a  cement 
w h ich  w ould  a d s o r b  a s  much a s  t h e  k e r a t i n .  I t  was hoped  
t o  f i n d  an  i n c r e a s e d  a d s o r p t i o n  o f  dye on s t r e t c h i n g  t h e  
wool from t h e  o C - t o  t h e / ^ - ^ f o r m ,  b u t  a l l  d e v i c e s  f o r  h o l d i n g  
t h e  wool s t r e t c h e d  i n v o l v e d  i n t r o d u c i n g  i n t o  t h e  dye 
s o l u t i o n  a p p a r a t u s  w i t h  a much g r e a t e r  a d s o r b i n g  p o t e n t i a l  
t h a n  t h e  wool i t s e l f .  I t  was n e c e s s a r y  o be c o n t e n t e d  
w i t h  m e a su re m e n ts  on t h e o ^ - k e r a t i n ,  which c o u l d  be compared 
w i t h  t h o s e  on e g g - a lb u m in  m o n o l a y e r s ,  s i n c e  t h e  two p r o t e i n s  
h a v e  a  r a t h e r  s i m i l a r  amino a c i d  c o m p o s i t i o n  ex ep i  f o r  t h e  
c y s t i n e .
î■/VoTein. /Hd n o / a y - e v '  ^ r w 4
/^ f r  B o h b l ^
ProteiKv pÂ/h^ Cor t^ps<>^9
— f r o t eiV\ F I  kr^
F ' 3  ^
T)ve I n\/e^^ioty^ T ~ube
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A d s o r p t i o n  on t h e  p r o t e i n  m o n o la y e r s  m ig h t  be  
m e a s u r e d  b y  t h e  change  i n  s u r f a c e  p o t e n t i a l  w hich  o c c u r s  
when i o n s  o r  d i p o l u r  m o l e c u l e s  become a t t a c h e d  to  t h e  
f i l m  (Adam, 1 9 4 1 ) .  H ow ever ,  t h e  t r a n s l a t i o n  o f  t h e  
p o t e n t i a l  c h a n g e s  i n t o  a b s o l u t e  am ounts  o f  dye a d s o r b e d  i s  
d i f f i c u l t  m a i n l y  owing t o  u n c e r t a i n t y  i n  t h e  v a l u e  o f  t h e  
e f f e c t i v e  d i e l e c t r i c  c o n s t a n t  i n  t h e  a d s o r b e d  f i l m ,  and  
i t  was c o n s i d e r e d  p r e f e r a b l e  t o  u se  a more; d i r e c t  m e th o d .  
I t  was e v e n t u a l l y  fo u n d  p o s s i b l e  t o  p r o d u c e  p r o t e i n  
m o n o l a y e r s  w i t h  a d s o r b e d  dye i n  such  l a r g e  q u a n t i t i e s  t h a t  
d i r e c t  c h e m ic a l  a n a l y s i s  c o u l d  be u s e d .  A f t e r  some 
p r e l i m i n a r y  t r i a l s  w i t h  c o l l a p s e d  p r o t e i n  f r o t h , a n d  w i t h  
c o l l a p s e d  m o n o l a y e r s  p r o d u c e d  by  s w e e p in g  t h e  w a l l s  o f  a 
w id e  g l a s s  t u b e ,  w e t  w i t h  p r o t e i n  s o l u t i o n ,  w i t h  a p r o t e i n  
f i l m  a t  r i g h t  a n g l e s  t o  t h e  t u b e s ' a x i s ,  d r i v e n  f rom  end 
t o  end b y  a i r  u n d e r  s l i g h t  p r e s s u r e ,  a  v e r y  s im p le  
a p p a r a t u s  was d e v i s e d  w h ich  w i l l  h e n c e f o r t h  be r e f e r r e d  to  
a s  t h e  ' ^ i n v e r s i o n  t u b e " .
T h i s  was a  g l a s s  t u b e  a b o u t  60 cms l o n g  and  7 mm 
i n t e r n a l  d i a m e t e r ,  a b o u t  t h r e e - q u a r t e r s  f i l l e d  w i t h  d i l u t e  
p r o t e i n  s o l u t i o n .  .hen  t h e  t u b e  was i n v e r t e d ,  t h e  a i r  
b u b b l e  r a n  f rom one end  o f  t h e  t u b e  t o  t h e  o t h e r .  P r o t e i n  
m o n o l a y e r  was f o im e d  s p o n t a n e o u s l y  on th e  w a l l s  ox t h e  
b u b b l e ,  a n d  c a r r i e d  b y  t h e  s o l u t i o n  r u n n i n g  down t h e  s i d e s  
a n d  c o m p re s s e d  a g a i n s t  t h e  a s c e n d i n g  m e n i s c u s ,  w here  i t
3 4
c o l l a p s e d  i n t o  i n s o l u b l e  f i b r e s  ( f i g  6) .
The m o n o la y e r  c o u l d  be s e e n  c o l l a p s i n g  a s  a
s e r i e s  o i  h o r i z o n t a l  s t r i a t i o n s  a t  t h e  l o w e r  end  of  th e
b a b b l e .  i t h  e a c h  i n v e r s i o n  a  f i b r e  a b o u t  18 oius l o n g
was p r o d u c e d ,  w e i g h i n g  when d r y  a b o u t  0*03 mg. T h is
i s  c o n s i s t e n t  w i t h  w ha t  w ould  be e x p e c t e d  f rom  th e
a r e a  o f  s o l u t i o n  p a s s i n g  o v e r  t h e  b u b H e . The t h i c k n e s s
o f  t h e  s o l u t i o n  b e tw e e n  t h e  b u b b l e  and  g l a s s  f . a l l  was
c a l c u l a t e d  f rom  t h e  d e p t h  o f  c o l o u r  o f  a  s o l u t i o n
c o n t a i n i n g  dye a s  w e l l  a s  p r o t e i n ,  r u n n i n g  i n  t h e  i n v e r s i o n
t u b e  an d  fo u n d  t o  be 0*8 rum. The 20  ml o f  s o l u t i o n  i n  t h e
t u b e ,  when s p r e a d  o u t  i n  a l a y e r  0*8 ami t h i c k  would h a v e
a n  a r e a  o f  £ 0 /0 * 0 5  •  400  oms'-. :>ince 1 mg p r o t e i n  s p r e a d s
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t o  a b a a t  one s q u a r e  m e t r e ,  400  oms r e p r e s e n t s  0*04 mg, i n  
good  Agreement w i t h  t h a t  found*
£ o r  e o n v e n le n o e  a b o u t  30  i n v e r s i o n s  w e re  g i v e n  t o  
p r o d u c e  a b o u t  one m i l l i g r a m  o f  m o n o l a y e r .  I h i s  was l i f t e d  
o u t  o f  t h e  t u b e  on a g l a s s  h o o k ,  a s  a  r u b b e r y  i n s o l u b l e  f i b r e ,  
s t i c k i n g  t o  i t s e l f .  The b e s t  o o n o e n t r a t i o n  o f  p r o t e i n  was 
f  ond t o  be 0*01 -  0*001 I n  p r a c t i c e ,  when d y e s  wore 
a l s o  p r e s e n t ,  t h e  l o w e r  amount was u s e d ,  so  t J ia t  t h e  
e I c u l a t i o n  o f  t h e  b u l k  o o n o e n t r a t i o n  o f  t h e  dye in  t h e  
s o l u t i o n  was s i m p l i f i e d .  P r a c t i c a l l y  «11 t h e  p r o t e i n  was 
rem oved  a l t e r  a b o u t  30  i n v e r s i o n s ,  so  t h i t  t h e  c o r r e c t i o n  
f o r  dye a d s o r b e d  on t h e  r e s i d u a l  n a t i v e  p r o t e i n  i n  th e
07  — C r y i W  W o f e f
a f  pW 6  c r t  a v ^ h o t n i h ,  s/vifMi
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s o l u t i o n  was l o w e r ;  a l s o  t h e  r a t i o  o f  dye  t o  p r o t e i n  was 
h i g h e r ,  s o  t h a t  t h e  am ount o f  d y e  a d s o r b e d  was a s m a l l e r  
f r a c t i o n  o f  t h a t  g r e e  i n  t h e  s o l u t i o n .
The p r o t e i n  was d e t e r m i n e d  b y  w e ig h i n g  on a  g l a s s  
f i b r e  b a l a n c e ,  a f t e r  e l u t i n g  t h e  d y e  and  d r y i n g  ( f o r  
d e t a i l s  s e e  s e c t i o n  o iQ ^x p e r im e n ta l  m ethods  an d  m a t e r i a l s ) .  
The d y e  was e s t i c n a t e d  c o l o r i m e t r i c a l l y ,  b o t h  i n  t h e  
e l u a t e  and  t h e  m o th e r  l i q u o r .
F i g .  7 shows how t h e  a d s o r p t i o n  o f  c r y s t a l  v i o l e t  
on t o  egg a l b u m i n  m o n o l a y e r  a t  pH 6 . 6  v a r i e s  w i t h  
c o n c e n t r a t i o n .
The i n t e r e s t i n g  t h i n g  a b o u t  t h i s  c u r v e  i s  t h e  
c o n c e n t r a t i o n  a t  w h ic h  t h e  c u r v e  becom es h o r i z o n t a l ,  
ï h i s  g i v e s  a  g u i d e  t o  t h e  u s e f u l  w o rk in g  c o n c e n t r a t i o n  
s u f f i c i e n t  t o  c a u s e  maximum dye  a d s o r p t i o n  an d  a l s o  t o  
t h e  am oun ts  w h ic h  c o u l d  b e  a d s o r b e d  on t h e  a m o e b a ' s  
p la s m a  membrane a t  v a r i o u s  c o n c e n t r a t i o n s .  Maximum 
a d s o r p t i o n  o c c u r s  i n  a s  low a  c o n c e n t r a t i o n  a s  20 m g / l  
( a p p r o x .  1 0 " .
I h e  e q u i v a l e n t  w e i g h t  o f  egg a l b u m i n ,  fo u n d  by 
p o t e n t i o m e t r i c  t i t r a t i o n  w i t h  a c i d  an d  a l k a l i ,  i s  t a k e n  
a s  1000 ( Üannanÿa(^194-( ) .  Egg a l b u m i n  w h ich  c a n  a d s o r b  one
e q u i v a l e n t  o f  h y d r o g e n  i o n  p e r  1000 g .  p r o t e i n  a d s o r b s  o n ly
f f
F, 9 % A 5~-a+Hi»vc.
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0*2 e u i v a l e n t s  o f  c r y s t a l  v i o l e t  u n d e r  t h e  c o n d i t i o n s  
u s e d ,  h o w e v e r  h i g h  t h e  dye c o n c e n t r a t i o n .  The 
d i s c r e p a n c y  may be due t o  s t e r i c  h i n d r a n c e  a t  t h e  
p r o t e i n  s u r f a c e  and  m i c e l l e  f o m a t i o n  i n  t h e  d y e ;  
i n  c a l i b r a t i n g  t h e  p h o t o m e t e r  f o r  t h e  m e asu rem en t  
o f  t h e  dye c o n c e n t r a t i o n  p h o t o m e t r i c a l l y ,  l a r g e  
d e v i a t i o n s  f ro m  B e e r s ’ law  w e re  fo u n d  a t  
c o n c e n t r a t i o n s  ab o v e  6 m g / l  , w h ich  c o u l d  be  due 
t o  m i c e l l e  f o m a t i o n  { G o ld a c re  and  I h i l i i p s ,  1949 ;  
â l b e r t  an d  G o l d a c r e ,  1 9 4 9 ) .
F i g .  8 shows t h e  a d s o r p t i o n  o f  5 - a m i n o a c r i d i n e  
i o n s  on egg  a l b u m in  m o n o l a y e r ,  a t  v a r i o u s  pH v a l u e s  in
M O
. 200 b u f f e r s   ^ ^  IP C ,
At pH 5 ,  a 1 0 - f o l d  i n c r e a s e  i n  dye  c o n c e n t r a t i o n *  
c a u s e s  a ' l Q - f o l d  i n c r e a s e  i n  dye u p t a k e ,  b u t  a t  h i g h e r  
pH v a l u e s ,  t h e  i n c r e a s e  i s  l e s s ,  ( 2 * 6 - f o l d  a t  pH 9) ,  s i n c e  
t h e  p r o t e i n  h a s  a l r e a d y  a d s o r b e d  a  g r e a t  d e a l  more dye a t  t h e  
l o w e r  dye c o n c e n t r a t i o n ,  an d  m o s t  o f  th e  p l a c e s  a r e  occup ied*
57 .
ha îip*«rd trend *^ t pH 9 in probEbly due ta  the 
ioü ies ilon  oi‘ ty rosine  J^i.d oystelae (ph‘s %re boat 
U - l ü ) »
Below pH, 4 ,  X)ermanent c o l l a p s e d  m ono l^y t  r s  d i d
iiot tor,, iii the Ij Torsion tnbe.A l i b r e  only mb at 1 m
l o n g  r o r a e d  on asoto I n v e r s i o n . aiai  r e  U e s o l v e d  « I tH tn  a
I'om s e c o n d s .  .‘H is  sa g g t  s t s  t h a t  eg;* a l b a s i i n  a a y  bo
r e f o l d e d  and o r  t h e s e  c o n d i t i o n s  , f o r  a n f  o i l e d  e n g  f ' l b n a l n  
u s u a l l y  
l a / i n s o l u b l e ,
The f a l l  i n  a d s o r p t i o n  % lth  r i s i n g  h y d ro g e n  io n  
c o n c e n t r B t l o n  may bo t o  some e x t e n t  due  t o  c o m p e t i t i o n  
f o r  a d s o r p t i o n  by h y d r o g e n  i m e ,  b t  t h i s  c a n n o t  be  t h e  
CO . p l e t e  ex c l a n s ' I o n .  s i n c e  » l a - f o l d  i n o r e a e e  in  tt i o n  
c o n c e n t r a t i o n  s e v e r  r e d u c e s  E d s o r p t i o n  by m ore th a n  a  
f a c t o r  o f  2 ,  I 'h i s  s t r o n g l y  s a g g c s t s  t h s t  s c r i d i n a  i o n s  
a r e  b e i n g  a d s o r b e d  m ; i n l y  on g r o u p s  on w hich  t h e  h y d ro g e n  
i o n  i s  n o t  t h e  n o n a a l  o c a n p a r s t ,  i . e .  on yh o l l y  io n te c i  mold 
g r o u p s  s n e h  a s  c a r b o x y l ,  (w h ic h  i s  r I m o s t  » h o l i y  i o n i s e d  
above  pàtS) r a t h e r  t h a n  t h e  a c i d  g r o u p  o f  t y r o s i n e  o r  c y r t e l n p ,  
i . h i c h  o n l y  i o n i s e  a ,  p r e o l e b l y  < .^bove j i l  9 .  Tto^s i s  i n  
Kiarkeu c o n t r a s t  t o  a d s o r p t i o n  o f  t h e  ssaao s n b s t n n c e  on t o  a  
b f c o t e r i a l  enzym e,  i n v e s t i g a t e d  b y  A l b e r t ,  P.abbo, G o ld s  o r e ,  
a v e y u  %nd . t o n e  ( l S 4 5 ) .  Using i n h i b i t i o n  o f  b a d t e r i ^ l  
g ro w th  a s  an  i n d e x  o f  c r i t i c a l  a d s o r p t i o n  on -fs envysee i n  
thi c e i l ,  t h e y  fo u n d  t h a t  a i Q - f o l d  i n c r a a s o  o f  h y d ro g e n  
i o n  o e n c e n t r s t i o i i  c o u l d  be b - l a n c e d  b y  an a ;  p r o x i m o t e l y
■?f
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DY-e l o ^  c o n c .  1 ^  s u r f a c e  p J ta s< ^  mxio<^.
F u  f .
1 0 - f o l d  i n c r e a s e  i n  a c r i d i n e  i o n  c o n c e n t r a t i o n .
I f ,  t h e n ,  t h e  e f f e c t  o f  pH on a d s o r p t i o n  on to  
t h e  m o n o l a y e r  i s  n o t  due t o  c o m p e t i t i o n  f rom  t h e  
h y d r o g e n  i o n ,  some o t h e r  e x p l a n a t i o n  m u s t  b e  s o u g h t .  The 
a n s w e r  a p p e a r s  t o  l i e  i n  t h e  ohehge o f  ^  p o t e n t i a l  o f  
t h e  p r o t e i n  w i t h  pH, e s p e o i m l l y  a s  t h e  i s o e l e c t r i c  p o i n t  
i s  a p p r o a c h e d .  T h is  a f f e c t s  t h e  r a t i o  o f  t h e  c o n c e n t r a t i o n  
o f  i o n s  n e a r  t h e  p r o t e i n  s u r f a c e  t o  t h e  c o n c e n t r a t i o n  i n  
t h e  b u l k  o f  t h e  s o l u t i o n .  By D a n i e l l i ’ s  (1941)  m e th o d ,  
t h e  c o n c e n t r a t i o n  n e a r  t h e  s u r f a c e  o f  t h e  egg a lb u m in  
m o n o la y e r  w -s  o a l c v ^ l a t e d  f o r  e a ch  o f  t h e  e x p e r i m e n t a l  
p o i n t s  i n  f i g  8 , a n d  t h e  r e s u l t s  a r e  p l o t t e d  i n  f i g  9 . .
M  crosses
The f i g u r e s  ned / th e  c i r c l e s  r e p r e s e n t  t h e  pH o f  th e  
m e a s u r e m e n t ,  I h e  c u r v e  i s  a  t y p i c a l  a d s o r p t i o n  c u rv e  l i k e  
t h a t  a t  a  c o n s t a n t  pH ( e , g ,  f i g ,  7 , an d  f i g . 11 be low) an d  
i s  I n d e p e n d e n t  o f  pH. T h i s  shows t h a t  c o m p e t i t i o n  f rom  
h y d r o g e n  i o n s  i s  h a v i n g  v e r y  l i t  l i e  e f f e c t .  The p o i n t
a t  pH 6 w h ere  a d s o r p t i o n  i s  l e s s  t h a n  t h a t  p r e d i c t e d  may 
r e s u l t  f ro m  u s i n g  t h e  i s o e l e c t r i c  p o i n t  o f  n a t i v e  egg  
a lb u m in  i n  t h e  c a l c u l a t i o n ,  r a t h e r  t h a n  t h a t  o f  t h e  
u n f o l d e d  m o l e c u l e .  T h i s  w ould  f f e c t  m o s t  t h e  v a l u e s  n e a r  
t h e  i s o e l e c t r i c  p o i n t .
f
F i g .  10 shows t h e  e f f e c t  o f  pH on t h e  a d s o r p t i o n  o f  
n e u t r a l  r e d  on egg  a l b u m in  m o n o l a y e r .
The f a l l  i s  a d s o r p t i o n  ab o v e  pH6 i s  due to  t h e  l a c k
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o f  i o n i s e d  d y e  i n  t h i s  r e g i o n ,  s i n c e  i t s  pK i s  6 . 4 .
T h is  i s  p a r a l l e l l e d  by t h e  f a l l  i n  b a c t e r i o s t a t i c  power 
o f  a  s e r i e s  o f  b a s e s  a s  t h e  pK f a l l s  be low  7 ( A l b e r t  e t  
a l ,  1 9 4 5 ) .
A c o n c e n t r a t i o n  o f  n e u t r a l  r e d  h i g h e r  t h a n  4 x
-510 M c o u l d  n o t  be u s e d  owing t o  t h e  p r e c i p i t a t i o n  o f  t h e  
s p a r i n g l y - s o l u b l e  f r e e  b a s e .  N e v e r t h e l e s s  t h e  r a t i o  o f  
dye  t o  p r o t e i n  a t  pH6 i s  t h e  h i g h e s t  ( 0 . 8 )  o f  t h e  t h r e e  
d y e s  u s e d .
F i g .  11 shows t h e  e f f e c t  o f  c o n c e n t r a t i o n  o f  5 - ,  
a m i n o a c r i d i n e  on i t s  a d s o r p t i o n  on t o  wool k e r a t i n  a t  
pH 9 .  T h is  pH was c h o s e n  b e c a u s e  a d s o r p t i o n  i s  so  much 
l e s s  t h a n  on egg a l b u m i n  t h a t  i t  was d i f f i c u l t  t o  m e asu re  
a t  t h e  ÿow er  pH v a l u e s ,  e x c e p t  when t h e  c o n c e n t r a t i o n  was 
h i g h .
- 4No i n c r e a s e  i n  a d s o r p t i o n  o c c u r s  a f t e r  2 x  10 M.
T h is  c a n n o t  b e  d u e  t o  m i c e l l e  f o r m a t i o n  ab o v e  10“ ^ M * 
s i n c e  i n c r e a s e & a d s o r p t i o n  on  egg a l b u m i n  m o n o la y e r  o c c u r s
*  I n  c o n f i r m a t i o n  i t  was fo u n d  t h a t  t h e  a d s o r p t i o n  s p e c t r u m
o f  5 - a m i n o a c r l d i n e  h y d r o c h l o r i d e  ( m e a s u re d  s p e c t r o g r a p h i c a l l y
t o  a v o i d  c o m p l i c a t i o n s  d u e  t o  t h e  i n t e n s e  f l u o r e s c e n t  o f
t h i s  s u b s t a n c e )  d i d  n o t  show any  c h a n g e ,  i n d i c a t i v e  o f
«2
a s s o c i a t i o n ,  u n t i l  t h e  c o n c e n t r a t i o n  was ab o v e  10* M.
Qo
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40.
w i t h  a  c o n c e n t r a t i o n  o f  10“ ^ M ( f i g . 8 )  E v i d e n t l y  o n l y  
a b o u t  10^ o f  t h e  g r o u p s  i n  wool w h ic h  a r e  a c c e s s i b l e  t o  
h y d r o g e n  i o n s  a r e  a c c e s s i b l e  t o  t h e  ô - a n i n o a c r i d î n i u T i  i o n s ,  
c f .  a t  l e a s t  40^  o f  t h e  g r o u p s  o f  egg a l b u m in  m o n o la y e r  w i t h  
5 - a m i n o a c r i d i n e  an d  80;^ w i t h  n e u t r a l  r e d *  I t  s h o u ld  be  n o t e d  
t h a t  b e lo w  pH 9 ,  5 - a m i n o a c r i d i n e  i s  o v e r  90% i o n i s e d .
F i g . 12 show^ t h e  e f f e c t  o f  pH on  t h e  a d s o r p t i o n  o f
- 45 - a n i n o a c r i d i n e  f ro m  a 10 M s o l u t i o n ,  by  w o o l .
The a d s o r p t i o n  i s  m a r k e d ly  d i f f e r e n t  f rom  t h a t  on
/
o v a lb u m in  m o n o l a y e r :  ( a )  i t  i s  much l o w e r ,  ( b )  i t  c l im b s  
more s t e e p l y  a b o v e  pH 6; t h i s  i s  p r o b a b l y  a  r e s u l t  o f  a n  
i n c r e a s e  i n  t h e  p o r e  d i a m e t e r  o f  t h e  wool f i b r e  a t  t h e  
h i g h e r  pH v a l u e s .  Speakman (1 9 3 1 )  h a s  shown t h a t  t h e  
p o r e s  ( a p p a r e n t l y  b e tw e e n  m i c e l l e s )  i n  wool a r e  l a r g e  
enough  t o  a d m i t  a l i p h a t i c  a l c o h o l s  u p  t o  o c t y l  a l c o h o l ,  
bu: n o t  b e y o n d .  O c t y l  a l c o h o l  h a s  a  l e n g t h  o f  a b o u t  
IDA when e x t e n d e d ,  c f .  a c r i d i n e  9 . 4  A)  he  d i d  n o t  
i n v e s t i g a t e  how t h e  p o r e  s i z e  v a r i e s  w i t h  pH, b u t  i t  i s  
known t h a t  wool s w e l l s  i n  a l k a l i ,  e s p e c i a l l y  when t h e  
c y s t e i n e  c r o s s - l i n k s  a r e  b r o k e n .
I n  f i g . 1 3 ,  t h e  e f f e c t  o f  pH on a d s o r p t i o n  o f  v a r i o u s  
d y e s  on  v a r i o u s  p r o t e i n s  i s  $&own, s o  t h a t  t h e  a b s o l u t e  
am oun ts  may b e  c o m p a re d .
V-h
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At a  dye o o n o e n t r a t i o n  o f  10*‘%  and  i)H7, o va lbum in  
m o n o l a y e r  h a s  t h e  f o l l o w i n g  p e r c e n t a g e  o f  t h e  a v  l i a b l e  
s i t e s  o f  a d s o r p t i o n  o c c u p i e d  b y  d y e ;  n e u t r a l  r e d  1(^?, 
5 - a m i n o a o r i d i n e  1 ^ ;  d r y s t a l  v i o l e t  a b o u t  2dfo. I t  
i s  i n t e r e s t i n g  t o  compare t h e s e  f i g u r e s  w i t h  t h o s e  d e r i v e d  
f rom t h e  b i o l o g i c a l  a c t i v i t y  o f  t h e s e  com pounds.  F a l k  
I  (1 9 4 6 )  f o u n d  t h a t  a  lO^^M  s o l u t i o n  o f  a m i n o a c r i d i n e
r e d u c e d  t h e  a c t i v i t y  o f  v a r i o u s  enzymes t o  b o u t  h^>lf , and  
A l b e r t ,  Hubbo,  G o l d a c r e ,  Davey and S t o n e  (1946)  fo u n d  t h a t  
t h e  c o n c e n t r a t i o n  o f  5 - a m i n o a c r i d i n e  a t  pH 7 •S j u s t  
i n h i b i t i n g  g r o w t h  o f  v a r i o u s  p a t h o g e n i c  b a c t e r i a ,  v a r i e d  
f rom  0»2 -  1*2 x  lo""^ a  c o n c e n t r a t i o n  a t  w h ic h  t h e  
a d s o r p t i o n  on o v a lb u m in  m o n o l a y e r  i s  b e g i n n i n g  t o  be 
a p p r e c i a b l e .
I n  p a r t  B o f  t h i s  t h e s i s ,  i t  i s  shown t h a t  t h e  
c o n c e n t r a t i o n  o f  n e u t r a l  r e d  i n  vvhich amoebae do r a p i d  
o s m o t i c  work w i t h o u t  s e r i o u s  i n h i b i t i o n  o f  s t r e a m i n g  i s  
1*6 X lO**^ Mt w h e r e a s  a  c o n c e n t r a t i o n  above  3 x 10*%. 
i n h i b i t s  s t r e a m i n g .
AWOKPTION BY ÜÜAQULATW FRüTlüINS
Vi h e n  g l o b u l a r  p r o t e i n s  a r e  c o a g u l a t e d  by h e a t ,  t h e  
m o l e c u l e s  u n f o l d  so  a s  t o  b r i n g  new g ro u p s  t o  t h e  e x t e r i o r ,  
some o f  w h ic h  foma i n t e r m o l e o u l a r  c r o s s - l i n k s  so  t h a t  t h e  
s o l u t i o n  s e t s  t o  a  g ^ l  ; o r  i f  t h e  c o n c e n t r a t i o n  o f  
p r o t e i n  i s  too lo w ,  a  f l o c o u l e n t  p r e c i p i t a t e  f o r m s .  S i n c e  
n o t  a l l  t h e  n e w ly  e x p o s e d  s i d e - c h a i n s  can  be u se d  f o r
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o r o s s - l l n k l n g ,  c o a g u l a t i o n  p r o v i d e s  nti s l t e m -  l i v e  
m e th o d  o f  u n f o l d i n g  p r o t e i n  m o l e o u i  s  which toe
e x p e c t e d  t o  r e s u l t  i n  i n c r e a s e d  u p ta k e  o f  d y e .
S o l u t i o n s  i d e n t i c a l  tv l th  t h o s e  u se d  i n  t h e  
i n v e r s i o n  totoe w ere  h e a t e d  on th e  * a t » r  b a t h  f o r  a  
few m i n u t e s  u n t i l  f l o c c u l a t i o n  b a d  o c c u r r e d ,  an d  t h e  
p r é c i p i t â t  d was t r e . t e d  i n  t h e  same way a s  t h e  
c o l l a p s e d  m o n o la y e r  ( " s k i m ' ' ) .  T a b l e  1 com pares  t h e  
a m o u n ts  o f  v a r i o u s  d y e s  a d s o r b e d  on c o a g u l a  and on 
s k i m s .
T a b le  1 .
. a d s o r p t i o n  f rom  1C“ '^ î  S - a i u l n o a e r l d i n e  a t  v a r i o u s  pïl
VHlues b u f f e r  s o l u t i o n s )  on o th i lbam in  a t  2 0 °  0 .
Amounts a d s o r b e d ,  dye e g o i v s ,  /  p r o t e i n  e g u i v s .
pE
2
4
5
6
7
8 
9
Skims 
Ho sk im  fo rm e d  
0*037 
0*045 
0*21 
■ 0*28 
■ 0*30 
0 .3 0
Coa<îala
no c o a g u l a t i o n
0*133 0*075
0*022 
0*43 
0*45 
0*58 
no c o a g u l a t i o n
i S * r ”rumtMin)
The a^aounts s d s o r b e t î  i n  c o a g u l a  a r e  r o u g h l y  
c o m p a r a b le  w i t h  t h o s e  on s k im s ,  b e i n g ,  e x c e p t  a t  p h 5 ,  
a b o u t  a - 3  t i m e s  a s  h i g h .  T h i s  s u g g e s t s  t h a t  t h e  s t e r i o
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f a c t o r  i n  c o a g u l a  i s  l e s s ;  f o r  a  ooagulum i s  l i k e  
a  b r u s h - h e a p  o f  f i b r e s  t o u c h i n g  a t  n l y  a  few p o i n t s ,  
w h e r e a s  a  m o n o l a y e r  i s  n  a r r a n g e m e n t  o f  f i b r e s  i n  
one p l a n e  p r e s s e d  t o g e t h e r  s i d e  by  s i d e .
C o a g u l a t i o n  o c c u r r e d  b e s t  a t  t h e  i s o  l e c t r i c  
p o i n t ,  a n d  was s c a n t  o r  a b s e n t  when t h e  pH was a  
few u n i t s  aw ay.  I n  c o n t r a s t ,  sk im s  fo im e d  m ost  r e a d i l y  
a t  pH 9 ,  w here  t h e  a d s o r p t i o n  was h i g h e s t ,  k 
serum a lb u m in  ooagulum a d s o r b e d  an amount i n t e r m e d i a t e  
b e tw een  t h a t  o f  t h e  o v a lb u m in  sk im  and  ooagulum ( T a b le  1 ) .
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iJJbOKPTlON UN TO FOLDED PxiOTLlN; iiUljüÜuLi^.
i t  i s  n o t  p o s s i b l e  t o  p r e c i p i t a t e  g l o b u l a r  p r o t e i n s  
w i t h  dye a d s o r b e d  on them f o r  s u b s e q u e n t  c h e m ic a l  a n a l y s i s  
w i t h o u t  d i s t u r b i n g  t h e  e q u i l i b r i u m *  C o n s e q u e n t ly  a  more 
i n d i r e c t  m ethod was used* a m i x t u r e  o f  p r o t e i n  and dye 
s o l u t i o n  i n  b u f f e r  was p l a c e d  i n s i d e  a  c e l l o p h a n e  d i a l y s i s  
b a g ,  and  a l l o w e d  t o  ooiue t o  e q u i l i b r i u m  w i t h  b u f f e r  s o l u t i o n  
on t h e  o u t s i d e  o f  t h e  bag* A n a l y s i s  o f  t h i s  o u t e r  s o l u t i o n  
gave, t h e  b u l k  c o n c e n t r a t i o n  of  t h e  d y e , and  t h e  e x c e s s  o v e r  
t h i s  i n s i d e  t h e  bag  r e p r e s e n t e d  t h a t  a d s o r b e d  on t h e  p r o t e i n *
( a ) O valbum in*
By t h i s  method i t  was fo u n d  t h a t  o v a lb u m in  a d s o r b e d  
f rom  a 1 0 “^  M s o l u t i o n ,  a t  pH 7 and 2 0 ^ 0 1 0*011 e q u i v a l e n t s  
o f  5-aminoaOKidine p e r  e q u i v a l e n t  o f  p r o t e i n *  i h e  u n f o l d e d  
p r o t e i n  a d s o r b s  u n d e r  t h e  same c o n d i t i o n s  0*076 u n i t s  (F ig*  8 )
T h u s  t h e  dye a d s o r p t i o n  i n c r e a s e s  6*9 t i m e s  on unfoldLing*
I f  t h e  g r o u p s  i n  w h ic h  t  fie dye i s  a d s o r b e d  were 
u n i f o r m l y  d i s t r i b u t e d  a l o n g  t h e  p o f y p e p t i d e  c h a i n ,  a  2- f o l d  
i n c r e a s e  on u n f o l d i n g  w ould  be e x p e c t e d  i f  t h e  dye i s  a d s o rb e d  
o n ly  on t h e  h ;y"drophil io  s i d e  o f  e a c h  o f  t h e  f o u r  l a m i n a e  i n  
t h e  m o l e c u l e ;  i f  t h e  dye  c o u l d  be a d s o r b e d  on b o th  s i d e s  of  
t h e  l iu rn inae , a  4 - f o l d  i n c r e a s e  w ou ld  be e x p e c t e d ;  s i n o e  i n  
t h e  g l o b u l a r  m o l e c u l e  two o f  t h e  f o u r  l i y d r o p h i l i c  s u i ' f a c e s
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a r e  e x p o s e d ,  t n d  none  o f  t h e  f o u r  h y d r o p h o b ic  s u r f a c e s  
( f i g ^ .  4 a n d  l?x^)*
( b )  derum a l b u r a i n .
3y t h e  same m e th o d ,  se rum  a l b u m in  was fo u n d  t o  
a d s o r b  0 .0 0 1 9  e q u i v a l e n t s  5 - a m i n o a o i d i n e  p e r  e q u i v a l e n t  o f  
p r o t e i n  a t  pii 7 f rom  t h e  10*^ M dye s o l u t i o n .  U n f o r t u n a t e l y , 
i t  was fo u n d  n e c e s s a r y  t o  work  a t  0*^ 0 owing t o  t h e  a p p e a r a n c e  
o f  a  s l i g h t  t u r b i d i t y  i n  t h e  p r o t e i n  s o l u t i o n  a t  room 
t e m p e r a t u r e  d u r i n g  t h e  t h r e e  d a y s  r e q u i r e d  f o r  e q u i l i b r i u m ,  
h o w e v e r ,  t h i s  amount a d s o r b e d ,  w h ic h  i s  l e s s  t h a n  one f i f t h  
o f  t h a t  a d s o r b e d  by o v a lb u m in  under  t h e  same c o n d i t i o n s ,  
w ould  be e x p e c t e d  t o  d e c r e a s e  f u r t h e r  a s  t h e  tempe r a t u r e  
was r a i s e d  t o  20^U.
I t  was n o t  p o s s i b l e  t o  p r p p a r e  i n  t h e  i n v e r s i o n  
t u b e  c o l l a p s e d  m o n o la y e r s  o f  se rum  a l b u m in  f o r  c o m p a r i s o n ,  
s i n o e  t h i s  p r o t e i n  i s  r e v e r s i b l y  d e n a t u r a b l e .  N or  was i t  
p o s s i b l e  t o  p r e p a r e  c o a g u l a  a t  ph 7; low c o n c e n t r a t i o n s  o f  
p r o t e i n  gave  no p r e c i p i t a t e  on h e a t i n g ,  e x c e p t  c l o s e  t o  t h e  
i s o e l e c t r i c  p o i n t .  F o r  c o a g u l a t i o n  t h e  c o n c e n t r a t i o n  had 
t o  be  r a i s e d  t o  a b o u t  4?S ( i n s t e a d  o f  O.Ulfo f o r  o v a lb u m in )  
when t h e  w ho le  s o l u t i o n  s e t  t o  a  g e l ,  so t h a t  i t  was
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i m p o s s i b l e  t o  a n a l y s e  t h e  coagu lum  w i t h o u t  a l s o  i n c l u d i n g  
t h e  w ho le  o f  t h e  m o th e r  l i q u o r *  n o w e v e r ,  by w o rk in g  n e a r  
t h e  i s o e l e c t r i c  p o i n t ,  s u i t a b l e  c o a g u l a  w ere  o b t a i n e d .
; i t  pli 4 a  dye u p t a k e  o f  0 .0 1 6  u n i t s  o c c u r r e d .  T h e r e  i s  
e v e r y  r e a s o n  t o  e x p e c t  t h a t  a s  t h e  pH r i s e s  t o  7, t h e  
a d s o r p t i o n  w ould  i n c r e a s e  a s  i t  does  w i t h  o v a lb u m in  sk im s 
and  c o a g u l a ,  a n d  w i t h  wool ( F i g s .  8 , 1 2 ,  1 3 ) .
One m i g h t ,  t h e r e f o r e ,  f e e l  r e a s o n a b l y  c e r t a i n  t t m t  
t h e  a d s o r p t i o n  a t  20^u i s  a t  l e a s t  0 .0 1 6  so  t h a t  u n f o l d i n g  a t  
pH 7 and  20^0 i n c r e a s e s  u p t a k e  o f  dye by a t  l e a s t  '
= 8.6 t i m e s .
T h a t  a  l a r g e  i n c r e a s e  d o es  o c c u r  i s  e v i d e n t  from 
v i s u a l  i n s p e c t i o n  o f  t h e  i n v e r s i o n  t u b e  c o n t a i n i n g  serum 
a lb u m in  an d  ô - a m in o a c z id in e , i n  w h ich  a  s t r e a m e r  o f  dye c a n  
be s e e n  a r i s i n g  a t  t h e  t r a i l i n g  end  o f  t h e  a i r  b u b b l e .
( 0 ) The r e v e r s a l  o f  t h e  p r o t e i n  e r r o r  o f  i n d i c a t o r s  on t h e  
u n f o l d i n g " o f  se rum  a l b u m i n .
The f a i l u r e  of  s o l u t i o n s  o f  se rum  a l b u m in  n o t  c l o s e
t o  t h e  i s o e l e c t r i c  p o i n t  t o  c o a g u l a t e  bn h e a t i n g ,  w h ich
p r e v e n t e d  t h e  u se  o f  t h e  m ethod  o f  m e a s u r in g  a d s o r p t i o n  by
c o a g u l a t i o n ,  was e x p l o i t e d  a s  t h e  b a s i s  o f  an  e n t i r e l y  new
method o f  a p p r o a c h ^  i n v o l v i n g  a  ch an g e  i n  c o l o u r  o f  an
i n d i c a t o r  p r e s e n t  when t h e  p t o t e i n  u n f o l d s  w i t h o u t  p r e c i p i t a t i o n
i n  a  b u f f e r e d  s o l u t i o n .  T h i s  i s  due t o  t h e  f a c t  t h a t  t h e
r e l a t i v e  am oun ts  o f  t h e  i o n i s e d  and  u n i o n i s e d  fo rm s  o f  th e
i n d i c a t o r  a d s o r b e d  on t h e  p r o t e i n  change  when t h e  p r o t e i n
?
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m o l e c u l e  u n f o l d s .  A d s o r p t i o n  o f  i n d i c a t o r  i s  r a p o n s i b l e  
f o r  t h e  ’’p r o t e i n  e r r o r "  o f  i n d i c a t o r s .  I h e  change  on 
u n f o l d i n g  waS so  g r e a t  t h a t ,  w i t h  some o f  t h e  i n d i c a t o r s  
s t u d i e d ,  t h e  p r o t e i n  e r r o r  ch an g ed  s i g n ;  e . g .  w i t h  n e u t r a l  
r e d  t h e r e  was an  a p p a r e n t  pL s h i f t  o f  1.3 u n i t s .
A h i g h  r a t i o  o f  p r o t e i n  t o  dye was u se d  so  t h a t  
m ost  o f  t h e  dye was a d s o r b e d  ( a s  shown by p r e l i m i n a r y  t e s t s  
i n  w h ic h  a n  i n c r e a s e  i n  t h e  p r o t e i n  c o n c e n t r a t i o n  p ro d u c e d  
no f u r t h e r  ch an g e  i n  c o l o u r  a f t e r  h e a t i n g . )  Aqual am ounts
o f  n e u t r a l  r e d  ( f i n a l  c o n c e n t r a t i o n  5 x  1 0 “ % )  were  added
Mt o  a  s e r i e s  o f  b u f f e r  s o l u t i o n s ,  a n d  t o  t h e  same s e r i e s  
o f  b u f f e r  s o l u t i o n s  c o n t a i n i n g  1^1 se rum  a l b u m i n .  H a l f  o f  
e a c h  s o l u t i o n  was k e p t  a s  a  c o n t r o l  and  t h e  o t h e r  h a l f  was 
h e a t e d ,  s t o p p e r e d ,  i n  a  b o i l i n g  w a t e r  b a t h  f o r  f i v e  m in u t e s  
and  th e n  c o o l e d  t o  20^C. The t u b e s  c o n t a i n i n g  p r o t e i n ,  w h ic h  
w ere  h e a t e d ,  became r e d d e r  t h a n  t h e  u n h e a t e d  c o n t r o l s .  The 
u n h e a t e d  p r o t e i n - s o l u t i o n s  became y e l l o w e r  t h a n  t i ie  c o n t r o l s  
w i t h o u t  p r o t e i n  (due  t o  t h e  n o rm a l  " p r o t e i n  e r r o r "  o f  t h i s  
i n d i c a t o r ) ,  i ’i g .  14 shows t h e  e f f e c t  a t  t h e  v a r i o u s  pii v a l u e s  
i n  e a c h  s e r i e s .  The d e n s i t y  o f  t h e  r e d  c o l o u r  was m easu red  
i n  a  p h o t o e l e c t r i c  c o l o r i m e t e r  w i t h  a  g r e e n  f i l t e r .
The dye i n  h e a t e d  p r o t e i n  b eh a v e s  as i f  i t s  pK h a s  
bee n  r a i s e d ,  an d  i n  t h e  u n h e a t e d  p r o t e i n  a s  i f  i t s  pK h a s  b ee n  
lo w e r e d  f ro m  i t s  n o r m a l  v a l u e .  The b u f f e r  s t r e n g t h  i s  so
( ^ )  t h a t  t h e  pH c o u l d  n o t  have  a l t e r e d .
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T h i s  r e v e r s a l  o f  t h e  " p r o t e i n  e r r o r "  on u n f o l d i n g  
a f f e c t s  t h e  i n t e r p o r e t a t i o n  o f  pH m e asu rem en t  w i t h  i n d i c a t o r s  
i n  c e l l s .  F o r  i f  p r o t e i n s  f o l d  up i n  one p a r t  o f  t h e  c e l l  
and  u n f o l d  i n  a n o t h e r ,  a  f i c t i t i o u s  d i f f e r e n c e  o f  pH w ou ld  
a p p e a r .  S u ch  a  d i f f e r e n c e  h a s  a l r e a d y  been  r e p o r t e d  by 
P a n t i n  (1 9 2 3 )  b e tw e en  t h e  f r o n t  and  b a c k  o f  an  a c t i v e l y  
s t r e a m i n g  am oeba ,  and t h e  am oebo id  movement WaS a t t r i b u t e d  
t o  t h i s  * d i f f e r e n c e "  o f  pii.
L e p p e r  and M a r t i n  (1 9 2 7 )  r e p o r t e d  t h a t  t h e  p r o t e i n  
e r r o r  o f  n e u t r a l  r e d  i n  serum  a l b u m i n  s o l u t i o n  had  t h e  
o p p o s i t e  s i g n  t o  t h a t  i n  p s e u d o g l o b u l i n  s o l u t i o n .  T h i s  
c o n f l i c t s  w i t h  t h e  a n a l y s i s  o f  p r o t e i n  e r r o r  made by D a n i e l l i  
( 1 9 4 1 ) ,  who showed t h a t  t i i e  e r r o r  i s  z e r o  e x c e p t  where  t h e  
i n d i c a t o r  i o n  an d  t h e  p r o t e i n  have  o p p o s i t e  c h a r g e s ,  when 
a d s o r p t i o n  o f  t h e  i o n  p r o d u c e s  a n  e r r o r  w h ich  i s  t h e  same 
i n  s i g n  f o r  i n d i c a t o r s  o f  t h e  same c h a r g e .  I n  D a n i e l l i ’ s 
a n a l y s i s ,  t h e  a d s o r p t i o n  o f  t h e  u n i o n i s e d  form of th e  
i n d i c a t o r  i s  n e g l e c t e d .  T h ese  v iew s  w o u ld  be r e c o n c i l e d  
i f  t h e  a d s o r p t i o n  o f  t h e  f r e e  b a s e  o f  n e u t r a l  r e d  i s  
a p p r e c i a b l e ,  a n d  t h e  r e l a t i v e  number  o f  g ro u p s  a d s o r b i n g  
f r e e  b a s e  and  i o n  i s  w i d e l y  d i f f e r e n t  i n  serum a lb u m in  
and p s e u d o g l o b u l i n .
R e s u l t s  s i m i l a r  to  t h o s e  w i t h  n e u t r a l  r e d  w e r e  
o b t a i n e d  w i t h  o t h e r  i n d i c a t o r s .  F ig#  14  shows t h a t  t h e  
c o l o u r  c h a n g e  on u n f o l d i n g  i s  g r e a t e s t  a t  a  pH n e a r  t h e  pK.
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l ie  the protein e rro r rir vc rsod n itli only 
bro.'i.t; yr.01 blue neutru l red, t;.e difforeno© between the 
loGt two üoluiiina in tabic :. aaov» i..at In coo?, oocc the 
protein  e rro r  Is  t i te re d  by unfolding, / - i t ’. oob.o dyto i t  lo
H ooi-Q-urs i n  b r a c k e t s  a r e  c o l o u r s  o f  t h e  s o l u t i d m -
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in o re - io e d  by u n f o l d i n g ,  w i t h  o t u e r e  i t  i s  d e o r e a s e d ,  a a  i f  
e a c h  dyo  b eh av ed  a o o o r d l n g  t o  r e l a t i v e  a d s o r b a b i l l t i e s  o f  
t h e  two fo rm a o f  i t .
ï h i s  t a b l e  p r o v e s  { i f  t h e r e  wae w.ny d o u b t ) ,  by t h e  
v a r i a t i o n  i n  t h e  b e h a v i o u r  o f  t h e  d i f f e r e n t  d y e a ,  t h a t  t h e  
c o l o u r  o îumge i s  n o t  duo  t o  a  r e a l  change  i n  ph. o f  t h e  s o l u t i o n  
on h e a t i n g  ( e . g .  by e s c a p e  o f  C ü ^ ) ;  n o r  i s  t h e  c o l o u r  ciiange 
due t o  u  c h a n g e  i n  t h e  Ç p o t e n t i a l  o f  t h e  p r o t e i n ,  ( c a u s i n g  
a  Change i n  pii n e a r  t h e  p r o t e i n  s u r f a c e ) ,  f o r  i t  would  be 
t h e  same i n  e a c h  c a s e ,  b u t  t h e  a p p _ r e n t  ch a n g e  i s  d i f f e r e n t  
w i t h  Ouch d y e .
2 i n c e  n e u t r a l  r e d  becomes r e d d e r  i n  t h e  p r e s e n c e  
o f  u n f o l d e d  se rum  a l b u m in  ( f i g .  1 4 ) ,  u n f o l d i n g  must  u n c o v e r  
a  r e l a t i v e l y  g r e a t e r  number o f  g r o u p s  o u p a b l e  o f  a d s o r b i n g  
c a t i o n s  ( i . e .  t h e  r e d  s p e c i e s ) ,  t i t a n  o f  g r o u p s  c a p a b l e  o f  
a d s o r b i n g  u n i o n i s e d  m o l e c u l e s .  I 'h i s  i s  l i k e l y  s i n c e  u n f o l d i n g "  
would b r e a k  s a l t  l i n k s ,  t h e  ac id ,  g ro u p  o f  w h ich  would a d s o r b  
n e u t r a l  r e d  c a t i o n s .
C o n v e r s e l y ,  n e u t r a l  r e d  becomes y e l l o w e r  i n  t h o  
p r e s e n c e  o f  f o l d e d  serum a l b u m in  ( f i g .  14 ) .  I h i o  may be due  
t o  t h e  s o l u b i l i s a t i o n  o f  t h e  u n i o n i s e d  ( y e l l o w )  fo rm  o f  t h e  
dye  b e tw e en  t h e  s u r f a c e s  o f  two h y d r o p h o b ic  l a m in a e  i n  t h e  
p r o t e i n  m o le c u le *  (The f r e e  b a s e  i s  s o l u b l e  i n  f a t  s o l v e n t s  
and Can a l s o  be e x t r a c t e d  from  t h e  p r o t e i n  by c h l o r o f o r m ) .
Vhen t h e  p r o t e i n  u n f o l d s ,  t h i s  f a t t y  i n t e r i o r  o f  t h e  p r o t e i n  
m o le c u l e  would  be t u m o d  o u tw a r d s  and  i t s  power t o  s h i e l d
5 1 .
from t h e  w a t e r  would d i s a p p e a r ,  t o g e t h e r  w i th  most o f  i t s  
s o l v e n t  p r o p e r t i e s  f o r  t h e  base*
O v a lb u m in *
Serum a lb u m in  by c o a g u l a t i n g  o n ly  i n  t h e  pH r a n g e
4 - 6 ,  a l l o w e d  t h e  i n t e r e s t i n g  r e g i o n  n e a r  t h e  pK o f  t h e  dye 
(7 )  t o  be i n v e s t i g a t e d *  s±n a t t e m p t  was made t o  r e p e a t  t h e  
above  e x p e r i m e n t s  w i t h  o v a lb u m in  i n s t e a d  o f  serum a lb u m in ,  
b u t  i t  was fo u n d  i m p o s s i b l e  t o  h e a t  o v a lb u m in  i n  t h e  pH 
r a n g e  4 - 8  w i t h o u t  c o a g u l a t i o n *
C o l l a g e n *
C o l l a g e n  f i b r e s  h av e  t h e  i n t e r e s t i n g  p r o p e r t y  o f  
c o n t r a c t i n g  p e r m a n e n t l y  t o  one t h i r d  o f  t h e i r  l e n g t h  when 
h e a t e d  i n  w a t e r  t o  a b o u t  70^0* T h i s  c o n t r a c t i o n  i s  accom pan ied  
by a  change  i n  t h e  X - r a y  d i f f r a c t i o n  p a t t e r n  ( A s t b u r y ,  1943) 
i n d i c a t i n g  a  ch an g e  i n  t h e  s t a t e  o f  f o l d i n g  o f  t h e  m o l e c u l e .
I t  was t h o u g h t  p o s s i b l e  t h a t  t h i s  f o l d i n g  m ig h t  be r e f l e c t e d  
i n  a  d i m i n i s h e d  dye a d s o r p t i o n ,  th o u g h  i t  i s  d i f f i c u l t  t o  
p r e d i c t  w hat  w i l l  h ap p e n  i n  s u c h  a  d e n s e  f i b r e :  f o r  i t  i s  
l i k e l y  t h a t  many o f  t h e  g ro u p s  e x p o s e d  i n  t h e  u n f o l d e d  m o le c u le  
w o u ld  be u s e d  up  i n  h o l d i n g  one p r o t e i n  c h a i n  to t h e  n e x t *
The m o l e c u l e s  a r e  a l l  w i t h i n  a  s i d e - o h a i n s  l e n g t h  o f  one 
a n o t h e r ,  a l o n g  t h e  vfhole o f  t h e i r  l e n g t h ,  w h ich  i s  n o t  t h e  
c a s e  i n  t h e  more d i l u t e  s o l u t i o n s  o f  serum a lb u m in  s t u d i e d  
above*
C o l l a g e n  f i b r e s  f rom r a t s ’ t a i l  t e n d o n  w ere
52.
h e a t - c o n t r a c t e d  an d  p l a c e d  i n  dye  s o l u t i o n s  t o g e t h e r  w i t h  
t i i n c o n t r a c te d  f i b r e s  a s  c o n t r o l s ,  and  t h e  dye  u p t a k e  m easured  
a s  f o r  t h e  o b a lb u m in  sk im s a b o v e .  F i b r e s  w ere  a l s o
- - ic o n t r a c t e d  i n  t h e  dye  s o l u t i o n  i t s e l f  and  t h e n  a l l o w e d  t o  :
e q u i l i b r a t e  a t  room t e m p e r a t u r e ,  b u t  t h i s  was found  t o  make ;Uv>
no d i f f e r e n c e  t o  t h e  dye  a d s o r p t i o n .
I n  10 M 5 - a m i n o a c r l d i n e  s o l u t i o n  a t  pH 7 ,  t h e  
a d s o r p t i o n  i n c r e a s e d  on c o n t r a c t i o n  f rom  0 .0 2 6  t o  0 .0 4 7  dye  
e q u i v a l e n t s / l O O O  g .  c o l l a g è n  ( a  1 . 8 - f o l d  I n c r e a s e ) .  H ide 
c o l l a g e n ,  { k i n d l y  s u p p l i e d  by D r .  P a n k h u r s t ) ,  w h ic h  was i n  
t h e  fo rm  o f  a  f e l t e d  n e tw o rk  o f  f i b r e s ,  i n c r e a s e d  i t s  
a d s o r p t i o n  on c o n t r a c t i o n  f ro m  0 .0 6 9  t o  0 .0 8 2  u n i t s  ( a  1 . 2-
f o l d  i n c r e a s e ) .
I
I t  i s  d i f f i c u l t  t o  i n t e r p r e t  s u c h  a  s m a l l  c h a n g e .  The 
i n c r e a s e  on c o n t r a c t i o n  s u g g e s t s  t h a t  more p o l a r  g ro u p s  a r e  
i n v o l v e d  i n  m a i n t a i n i n g  t h e  s t r u c t u r e  o f  t h e  e x t e n d e d  f i b r e
I
t h a n  i n  h o l d i n g  t h e  i n d i v i d u a l  p r o t e i n  m o l e c u l e s  f o l d e d  u p ;
I
t h i s  i s  l i k e l y ,  s i n c e  t h e  c o n t r a c t e d  f i b r e  i s  much more
1
s w o l l e n .  I n  any  c a s e  t h e r e  a r e  v e r y  few p o l a r  g ro u p s  a v a i l a b l e  
i n  c o l l a g e n ,  ( w h i c h  i s  l / 3  g l y c i n e ' a n d  l / 5  p r o l i n e ) ,  and  fe w e r  
s t i l l  r e s i d u e s  w h ic h  c o u ld  a d s o r b  b â t i o n s . The s m a l l  a d s o r p t i o n  
o f  d y e  f rom  10“ ^ M s o l u t i o n  ( 0 . 0 2 6  u n i t s )  compared w i t h  0^28 
u n i t s  f o r  o v a lb u m in  m o n o la y e r  and 0.11 u n i t s  e v e n  f o r  w o o l ,  
a n o t h e r  com pact  f i b r e ,  i s  c o n s i s t e n t  w i t h  t h i s ,  and  i t  i s  q u i t e  
c o n c e i v a b l e  t h a t  t h e  f u n c t i o n  o f  t h e s e  few p o l a r  g ro u p s  i n  t h i s  
s p e c i a l i s e d  s k e l e t a l  p r o t e i n  i s  m o s t l y  t o  h o l d  t h e  f i b r e  t o g e t h e r
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A cto i i iy o s in .
N e u t r a l  r e d  was added  t o  a n  a o to m y o s in  s o l u t i o n  
a t  pii 7 w h ich  was bil lowed t o  g e l .  S u f f i c i e n t  ATP s o l u t i o n  
was ad d e d  t o  l i q u e f y  t h e  g e l  t e m p o r a r i l y ,  b u t  t h e  o range  
c o l o u r  o f  t h e  dye  ch an g ed  n e i t h e r  t o w a r d s  r e d  o r  y e l lo w  
e i t h e r  on l i q u e f a c t i o n  o r  g e l a t i o n  o f  t h e  p r o t e i n  s o l u t i o n .  
T h i s  r e s u l t  was u n e x p e c t e d  and  was r e p e a t e d  on s e v e r a l  
. ,0c t o m y o s i n  p r e p a r a t i o n s .  I f  t h e r e  i s  any  re d u c e d  a d s o r p t i o n  
o f  dye i o n  on f o l d i n g  up o f  t h e  m o l e c u l e s ,  i t  t o s t  be 
c o m p e n s a te d  by r e d u c e d  a d s o r p t i o n  o f  t h e  f r e e  b a s e ,  o r  by 
e f f e c t s  due  t o  t h e  p r e s e n c e  o f  t h e  ATP i t s e l f .
à i s o e l l a n e o u g  p r o t e i n s .
V a r i o u s  m i x t u r e s  o f  p r o t e i n s  and n u c l e o p r o t e i n s  
p r e p a r e d  i n c i d e n t a l l y  f o r  o t h e r  p u r p o s e s  w ere  m ised  w i t h  
n e u t r a l  r e d  i n  b u f f e r  a t  ph 7 an d  by p a r t i a l  d r y i n g  were  
a l l o w e d  t o  become s t i c k y  or  e l a s t o v i e c o u s .  M e c h a n i c a l  
s t r e t c h i n g  o f  some o f  t h e s e  c a u s e d  r e v e r s i b l e  c o l o u r  ch anges  
i n  t i le  d y e .  I t  was d i f f i c u l t  t o  keep t h e  p r o t e i n  i n  t h e  same 
c o n d i t i o n  f o r  l o n g ,  owing t o  d r y i n g  o r  o t h e r  ch a n g e s  due t o  
m e c h a n i c a l  w o rk in g  a n d  t h e  c o n d i t i o n s  f o r  p r o d u c i n g  t h i s  
change  h av e  n o t  b ee n  worked  ou t  ; b u t  t h e  c o l o u r  change 
a p p e a r s  t o  be s i m i l a r  t o  t h a t  b e tw e en  t h e  h e a t e d  an d  u n h e a te d  
se rum  a l b u m in  d e s c r i b e d  a b o v e .
5 4 .
G e n e r a l  d i a o u a a i o n .
1
T h a t  an  i n o r e a e e  o f  a d s o r p t i o n  would o c c u r  on 
u n f o l d i n g  t h e  p r o t e i n  m o le c u le  c o u l d  have  b e e n  p r e d i c t e d  on 
f i r s t  p r i n c i p l e s ,  w ince  t h i s  w ork  began, O s t e r  and  G rim sson  
(1 9 4 9 )  p u b l i s h e d  r e s u l t s  f rom  w h ic h  i t  c a n  be c a l c u l a t e d  
t h a t  a  3 0 0 - f o l d  i n c r e a s e  i n  t h e  a d s o r p t i o n  o f  a c r i f l u v i n e  
by t o b a c c o  m o sa ic  v i r u s  o c c u r s  on d é n a t u r â t  i o n .  s i m i l a r l y ,  
t h e  i n t e n s i t y  o f  t h e  c o l o u r  r e a c t i o n  f o r  v a r i o u s  g ro u p s  
i n  p r o t e i n s  i n c r e a s e s  on u n f o l d i n g  t h e  m o l e c u l e ,  w h ich  makes 
t h e  g ro u p s  a c c e s s i b l e .  Thus h a n r o w i t z  and  Tekman (1947)  
found  i n c r e a s e s  a f t e r  d é n a t u r a t i o n  o f  v a r i o u s  p r o t e i n s  o f  
up t o  5- f o l d  i n  t h e i r  c o l o u r  r e a c t i o n  w i t h  F o l i n ’ s p h e n o l  
r e a g e n t ? a n d  w i t h  d i a z o b e n z e n e  s u l p h o n i c  a c i d ,  an d  P o r t e r  (1948)  
found  a  s i m i l a r  i n c r e a s e  i n  r e a c t i v i t y  w i t h  1 : 2 : 4  
f l u o r o d i n i t r o b e n z e n e  a f t e r  d é n a t u r a t i o n .
n o w e v e r ,  t h e  a b s o l u t e  v a l u e  o f  t h e  i n c r e a s e d  
a d s o r p t i o n  on u n f o l d i n g  i s  o f  i n t e r e s t .
I t  i s  e v i d e n t  t h a t  e v i d e n c e  on t h e  s t r u c t u r e  o f  t h e  
p r o t e i n  m o le c u le  c o u l d  be o b t a i n e d  by c h a n g e s  i n  t h e  
a d s o r p t i o n  on u n f o l d i n g  o f  t h e  m o le c u l e  i f  s u i t a b l y  c h o s e n  
s u b s t a n c e s  d e s i g n e d  t o  d e t e c t  w h e t h e r  a  p a r t i c u l a r  g roup  i s
V
on t h e  s u r f a c e  o r  b u r i e d  w i t h i n  t h e  p r o t e i n  m o le c u le  w ere  u s e d -
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EXPKRIfeNTAL MHTaÜDb AND IvlâTiiülALS
A .  M A T £ K I . k L S
1 .  Y/ool k e r a t i n .
Wool was s h o r n  f ro m  th e  m i d - s i d e  r e g i o n  o f  a  2 - y e a r  
C o r r i e d a l e  ewe. The f i b r e  l e n g t h  was a b o u t  12 oms. The 
f l e e c e  was o u t  i n  h a l v e s  and  t h e  t i p  h a l f  (w h ich  i s  p a r t l y  
o x i d i s e d  a n d  a d s o r b s  d y es  more s t r o n g l y )  was d i s c a r d e d .
T he  r e s t  was w ashed  i n  warm soapy  w a t e r ,  r i n s e d  i n  w a t e r ,  
washed  t w i o e d  i n  a b s .  a l c o h o l  a t  50^C. an d  e x t r a c t e d  w i t h  
e t h e r  f o r  1 |  h o u r s ,  d r i e d  a n d  washed  i n  w a t e r .  The pH was 
b r o u g h t  to 4 . 8  and t h e  w  o l  was d r je  d i n  d r .  The wool 
was f r e e  f ro m  f a t ,  f o r  when d ro p p e d  on t h e  c l e m  w a t e r  
s u r f a c e  o f  t h e  Langiuuir  t r o u g h  i t  s h e d  no f a t t y  f i l m  
d e t e c t a b l e  by m  i n c r e a s e  i n  s u r f a c e  p r e s s u r e .  The wool 
h ad  a  f i n a l  w a t e r  c o n t e n t  o f  1 6 ^ .
2 .  Ovalbumi n  was p n r i l l  ed  by t h e  u s u a l  method of  p r e c i p i t a t i o n  
by ammoniuim s u l p h a t e  ( e . g .  C o l e ,  1 9 4 2 ) .
5 .  Serum A lbum in  was human m a t e r i a l  s u p p l i e d  i n  t h e  form  
o f  a  25^  s t e r i l e  s o l n  by t h e  Med. S c h o o l ,  U .S .  N a t l .
Med. C e n t r e ,  B e t h e s d a ,  M a ry la n d .
4 .  C o l l a g e n  f i b r e s  w ere  e x t r a c t e d  f rom  f r e s h l y  s e v e r e d  r a t s  
t a i l s .  The  l o n g  t e n d o n s  r u n n i n g  t h e  l e n g t h  o f  t h e  t a i l  were  
p u l l e d  o u t  w i t h  f o r c e p s  and  b e i n g  f r e e  f rom  any a d h e r i n g  t i s s u e  
w ere  u s e d  w i t h o u t  f u r t h e r  t r e a t m e n t .
5 6 .
5 .  AQtomyosin was prepared from th e  rap id ly  e x c ise d , cooled  
and miiicôd l e g  muscles of the ra t ,  by th e  s a l t - e x tr a c t io n  
method described  by Szent-Gybigyl (1 9 4 7 .  )
6 . M i s c e l l a n e o u s  p r o t e i n s  were  m i x t u r e s  o f  c e l l  p r o t e i n s  and 
n u c O ^ p r o t e i n s  o b t a i n e d  i n c i d e n t a l l y  d u r i n g  t h e  p r e p a r a t i o n  of  
thymus n u c l e i c  a c i d ,  a n d  k i n d l y  s u p p l i e d  by D r .  K. S m i th .
They c o n s i s t e d  o f  ( a )  t h e  f r a c t i o n  o f  t h e  c e l l  c o n t e n t s  
s o l u a b l e  i n  KCl; ( b )  t h e  f r a c t i o n  o f  t h e  c e l l  c o n t e n t s  
i n s o l u b l e  i n  1^'K.Cl and  s o l u b l e  i n  10*^ KCl.
7.  The dyes  and i n d i c a t o r s  were c o i m e r o i a l  s p e c im e n s :
5 - a m i n o a c i d i n e  was s u p p l i e d  by B a y e r  Pharma and  t h e  o t l i e r  
dyes  and  i n d i c a t o r s  by B r i t i s h  D rug  h o u s e s .
B. LXPERIMINTAL MDTHODS.
I
1 .  The g l a s s  f i b r e  balgpioe f o r  w e ig h i n g  c o l l a p s e d  m o n o la y e rs  
was a  p i e c e  o f  g l a s s  r o d  drawn o u t  t o  s u c h  a  l e n g t h  ( a b o u t  
20 cm8. )  t h a t  i t s  t i p  was d e p r e s s e d  by 1 cm. by a  w e i g h t  o f  
1 mg. I t  was c lam ped  i n  a  h o r i z o n t a l  p o s i t i o n  r i g i d l y  
w i t h  r e s p e c t  t o  a  miirbr s c a l e  marked i n  mm. The pan  was a  
s m a l l  p i e c e  o f  m ic ro s c o p e  c o v e r s l i p  f u s e d  a t  r i g h t  a n g l e s
t o  a  pime o f  g l a s s  f i b r e ,  w h ic h  was hooked  t h r o u g h  a lo o p
i n  t h § 6i a i n  g l a s s  f i b r e .  I t  was c a l i b r a t e d  by s t a n d a r d  m i l l i g r a m
w eig h ts .
2 . h l u t i o n  o f  dye f rom  p r o t e i n .
(a) hooI .
A d s o r p t i o n  o f  H i o n s  i s  a  maximum a t  pri 1 (Speakman 
and h i r s t , 1 9 3 3 ) .  C a t i o n i c  dyes  s h o u ld  compete most
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u n f a v o u r a b l y  f o r  a d s o r p t i o n  a t  t h i s  pH. I n  a c c o r d  w i t h  t h i s
i t  was found  t h a t  t h e  a d s o r b e d  d y e s  w ere  c o m p l e t e l y  e l u t e d
N
f ro m  t h e  v/ool by  TU HCl.
■( b )  d i n c e  t h e  m o n o la y e r s  had t o  b e  w eighed  a f t e r  e l u t i o n  
o f  t h e  d y e ,  a n y  t r e a t m e n t  w h ich  m ig h t  d i s s o l v e  t h e  p r o t e i n  
{ s u c h  a s  s t r o n g  a c i d )  h ad  t o  be  a v o id e d ^  T h e ^ f f e c t  o f  
v a r i o u s  e l u t i n g  a g e n t s  on m o n o la y e r s  dyed  w i t h  5-pariiinOacridine 
and  c r y s t a l  v i o l e t  i s  d e s c r i b e d  i n  t a b l e  3 .
TABLE 3
S o l v e n t
\
D e g re e  o f  e l u t i o n  o f  dye
A c e to n e Low
A lc o h o l Low
50^ Aqueous A lc o h o l l o w - f a i r
50^  Aqueous a c e t o n e F a i r
50^  a q .  a c e t o n e  ♦ NaCl 1% v .g o o d
50^  a q .  a l c o h o l  4 NaCl 1% good i
'— .... — ...... -....... ............  ' ' — ... f----- - ---------------
50^  aq u e o u s  a c e t o n e  p l u s  1% Na Cl was c h o s e n  a s  t h e  e l u t i n g  
a g e n t .  I t  v/as fo l low ec lby  a r i n s e  i n  50;^ a q .  a c e t o n e  lip a*^oid
w e ig h i n g  s a l t  i n  t h e  (j&ied p r o t e i n .  No r e s i d u a l  dye  | :^ u ld  be
1
d e t e c t e d  a f t e r  two s u c h  r i n s e s  (1  ml e a c h ) .  The s a l t  \ sp e ed s
1 '  At h e  e l u t i o n  by ov erco m in g  e l e c t r i c a l  r e t a r d i n g  f o r c e s  \to\ t h e  
d i f f u s i o n  o f  t h e  d y e .
3 .  C o r r e c t i o n  f o r  e n t a n g l e d  dye  s o l u t i o n . ^
The dyed  p r o t e i n  s k im s ,  c o a g u l a  and h e a t ' - c o n t r a c t e )^  
c o l l a g e n  f i b r e s ,  a s  formed i n  s i t u ,  a l l  c o n t a i n e d  s e v e r a l
t i m e s  t h e i r  w e i g h t  o f  m o th e r  l i q u o r  e v e n  a f t e r  t h e y  were\
b lo t t e d  a s  dry a s  p o s s ib le  between f i l t e r  paper. To coDlrect
f o r  t h i s  s m a l l  amount o f  e x t r a  dye  t h e y  w ere  w e ig h e d  m o i s t .
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and  a  c o r r e c t i o n  a p p l i e d  f rom  t h e  known c o n c e n t r a t i o n  o f  
dye  i n  t h e  m o th e r  l i q u o r .
4 .  E s t i m a t i o n  o f  dye
The dye  c o n c e n t r a t i o n s  w ere  m e asu red  i n  a p h o t o e l e c t r i c  
c o l o r i m e t e r ,  w h ic h  was c a l i b r a t e d  w i t h  known c o n c e n t r a t i o n s  
o f  t h e  dye  i n  t h e  a p p r o p r i a t e  s o l v e n t  and a t  t h e  a p p r o p r i a t e  
pH.
5• E f f e c t  o f  s a l t  c o n c e n t r a t i o n
V ary in g  t h e  . s a l t  c o n c e n t r a t i o n  was found  t o  p ro d u c e  no
m arked  change  i n  t h e  a d s o r p t i o n  o f  dye  i n  ova lbum in  sk im s
a t  c o n s t a n t  pH i n  t h e  r a n g e  0 .0 0 1  m t o  O.k M. Above 0 . 1  K
a d s o r p t i o n  d e c r e a s e d ,  u n t i l  a t  1 M c o n c e n t r a t i o n  i t  had  f a l l e n
t o  2/3 o f  i t s  v a l u e  a t  t h e  l o w e r  c o n c e n t r a t i o n  r a n g e .  A
M
s t a n d a r d  c o n c e n t r a t i o n  o f  was u s e d  th r o u g h o u t  t h e  ,
a d s o r p t i o n  w o rk .
6 .  R e v e r s i b i l i t y  o f  a d s o r p t i o n  i n  t h e  i n v e r s i o n  tube'V
T h a t  e q u i l i b r i u m  i s  a t t a i n e d  i n  t h e  i n v e r s i o n  t u b e
( d u r i n g  t h e  t im e  o f  c o n t a c t  o f  t h e  sk im  and  s o l u t i o n  w h ich
was u s u a l l y  12 h o u r s  a f t e r  i n v e r s i o n  had b ee n  co m p le ted )
was shown by  r e v e r s i n g  t h e  a d s o r p t i o n .  Skims formed i n  h ig h
c o n c e n t r a t i o n s  o f  d y e  w ere  p l a c e d  i n  lo w e r  c o n c e n t r a t i o n s ,
and  t h e  dye  a d s o r p t i o n  found  t o  be t h e  same a s  i f  t h e  skims
h ad  o r i g i n a l l y  b e e n  formed i n  a  dye  s o l u t i o n  o f  lo w e r  • \ 
c o n c e n t r a t i o n .  C o n v e r s e l y ,  sk im s formed i n  t h e  a b s e n c e  o f
d y e ,  and  t h e n  p l a c e d  i n  dye  s o l u t i o n  a d s o r b e d  a s  much d y a  as  
i f  t h e  sk im s  had b e e n  a l lo w e d  t o  form i n  t h e  dye  s o l u t i o n .
7 .  A t y p i c a l  c a l c u l a t i o n  e . g .  a t  pH7,10“ '  ^ M 5 -a m in o a c r l (d ln e
0 .0 5  % o v a lb u m in ,  t o t a l  v o l  -  15 m l .  i \
5 9 .
i i e p s a t e d  inveraion gives a skim weighing II mg. molat, unfl
l.il mg. when dry and free rrom dye. ïiie dye extraoted in
5 r/il. «oln . gives a ooiorim stcr reading of 5 .6  u n its ,
»5
corresponding to a oonoentrutlon of 1 , 7  x 10 a .
Mother lii^uor gives colorim eter reading o f 14,0 unite oorresponding
-4
to concentration of 0,8 % 10
correction for t,>othar liquor gn'fengleâ in skits;
ükim entangles 0,011 ml, of mother li iuor (cono, 0.8 x 10“^  1 )
which when diluted to 5 sis, beooises 0,0 x lO***"" U ■ 1,7- % 10“^
X 1.7 X 10"5 S' 0,6 X 10"G
i . e .  a oorreotion of 11 (n eg lig io le j  
Equivalents o f dye on skim 
Equivalents o f protein in 1,11 «ig, skim 2 l . l l  x 10*^ x lO"'-' = 1,11x1'!^
Dye equivs, / protein equivs, = — # 0,076.
1 . 1 1  X 1 0 -b
B' T(SMperdto/<^ , I
TAa w o r k  w a s  do n e  in a room  to :iot/ °c. |
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CONCLÜBION
shovm
An i n c r e a s e d  dye u p t a k e  on u n f o l d i n g  t h e  p r o t e i n  m o le c u le  i s /  
by f o u r  i n d e p e n d e n t  m e th o d s :
( a  ) by d i r e c t  a n a l y s i s  o f  dyed  c o l l a p s e d  m o n o lay e rs  ( o m p a r e d
w i t h  t h e  a d s o r p t i o n  of t h e  same p r o t e i n  i n  s o l u t i o n ) .
( b )  by d i r e c t  a n a l y s i s  o f  dyed c o a g u l a t e d  p r o t e i n s .
( o )  by v i s u a l  o b s e r v a t i o n  o f  t h e  r e l e a s e  o f  a d s o rb e d  dye i n
t h e  i n v e r s i o n  t u b e  a t  t h e  r e a r  end o f  t h e  b u b b le  # i e r e  t h e  
p r o t e i n  m o l e c u l e s  a r e  r e f o l d e d .
(d )  by t h e  r e v e r s a l  o f  t h e  p r o t e i n  e r r o r  o f  i n d i c a t o r s  on 
h e a t i n g  serum a lb u m in  w i t h o u t  c o a g u l a t i o n .
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P.JiT B
The F o l d i n g  and  Unfold inf{  o f  P r o t e i n  M o le o u le s  i n
L i v i n g  C e l l s .
I n  t h i s  p a r t  e v i d e n c e  i s  p r e s e n t e d  t h a t ,  i n  t h e  
am oeba,  p r o t e i n  m o le o u l e s  f o l d  up a t  one end o f  t h e  o e l l  
and  u n f o l d  a t  t h e  o t h e r ,  and t h a t  t h i s  p r o c e s s  r e s u l t s  i n  
o s m o t io  w o rk .  The c o r r e s p o n d i n g  p r o c e s s  i n  t y p e s  o f  c e l l s  
o t h e r  t h a n  t h e  amoeba i s  a l s o  d i s c u s s e d .
Many p r o c e s s e s  i n  l i v i n g  c e l l s  s u g g e s t  t h a t  p r o t e i n  
m o l e c u l e s  a r e  r e v e r s i b l y  f o l d i n g  and  u n f o l d i n g  t h e r e .  The 
m os t  f a m i l i a r  exam ple  i s  t h e  m u sc le  c e l l ,  i n  w h ich  K .i i .  Meyer 
(1 9 2 8 ,  1929)  and  l a t e r  a . s t b u r y  and  h i s  c o - w o r k e r s  ( x i s tb u ry  
and  D i c k i n s o n ,  1 9 3 5 ,  1 940 ;  A S t b u r y , 1937 ,  1938 ,  1940 ,  1946)  
e x t e n s i v e l y  showed by X - r a y  d i f f r a c t i o n  t h a t  t h e  p r o t e i n  
c h a i n s  w ere  o r i e n t e d  p a r a l l e l  t o  t h ^ u s c l e  f i b r e  a x i s ,  and  
became f o l d e d  when t h e  m u sc le  c o n t r a c t e d .  Bang4 and S z e n t -  
G y o rg y i  (1 9 4 2 )  have  e x t r a c t e d  m y o s i n - l i k e  p r o t e i n s  from a 
w ide  v a r i e t y  o f  d i f f e r e n t  c e l l s ,  s u c h  a s  k id n e y  ( ^ r e n o s i n ” ) 
l i v e r ,  b r a i n  and  l u n g ;  t h e s e  r e s e m b le  m yos in  i n  t h e  p r o p e r t y  
o f  e x i s t i n g  b o th  i n  t h e  g l o b u l a r  and f i b r o u s  c o n d i t i o n s ,  of  
h a v i n g  a  l a r g e  c a p a c i t y  f o r  a d s o r b i n g  p o ta s s i u m  i o n s ,  and  
o f  h a v i n g  a  s o l u b i l i t y  g r e a t l y  d e p e n d e n t  on t h e  bound 
p h o s p h a te  ( S z e n t - G y o r g y i ,  1 9 4 7 ) .
62.
P r o t o p l a s m ,  w h e r e v e r  i t  o c c u r s ,  h a s  an I n n a t e  
r h y t h m i c  c o n t r a c t i l i t y  ( S e i f r i z ,  1 9 4 2 ) ,  A s t b u r y  (1940) 
h a s  gone  s o  f a r  a s  t o  s u g g e s t  t h a t  w h e r e v e r  c o n t r a c t i l i t y  
o c c u r s  i n  N a t u r e ,  w h e t h e r  i n  t h e  m o s t  e l e m e n t a r y  fo rm  o f  
p r o t o p l a s m  o r  i n  h i g h l y  s p e c i a l i s e d  t i s s u e s ,  i t  i s  due  t o  
t h e  s h o r t e n i n g  o f  p r o t e i n  f i b r e s  b y  m o l e c u l a r  f o l d i n g .  
P r o t e i n - u n f o l d i n g  i n  v i t r o  i s  u s u a l l y  i r r e v e r s i b l e ,
( " d é n a t u r a t i o n " ) -  th o u g h  t h e r e  a r e  w el l -k n o v m  e x c e p t i o n s  
t o  t h i s ,  e . g .  i n s u l i n ,  p e p s i n ,  t r ^ / p s i n ,  serum a lb u m in  
( N e u r s t h  e t  a l , ,  1944) -  and  t h e  c e l l  m u s t  h a v e  some means 
o f  r e f o l d i n g  t h e  p r o t e i n  c h a i n s  i n t o  t h e i r  o r i g i n a l  co n ­
f i g u r a t i o n  ( i t  d i d  i t  i n  t h e  f i r s t  p l a c e ,  a t  l e a s t )  o t h e r ­
w i s e  t h e  c e l l  w ou ld  so o n  become f u l l  o f  d e n a t u r e d  i n s o l u b l e  
p r o t e i n .
T h a t  t h e  c e l l  c a n  f o l d  up p r o t e i n  m o n o la y e r s  was 
shown b y  t h e  m i c r o i n j e c t i o n  e x p e r i m e n t s  o f  Chambers and 
Kopac (1940)  who, h o w e v e r ,  d i d  n o t  g i v e  an  e x p l a n a t i o n  f o r  
t h e i r  r e s u l t s .  Chambers i n j e c t e d  an  o i l  d ro p  i n t o  an 
amoeba and  c a u s e d  t h e  d ro p  t o  expand and  c o n t r a c t  b y  moving 
t h e  p l u n g e r  o f  t h e  s y r i n g e  b a c k w a rd s  and f o r w a r d s .  The 
c o n t r a c t i n g  o i l  d r o p  w r i n k l e d  i f  t h e  amoeba was d ead  o r  
c y t o l y s e d ,  b u t  d i d  n o t  w r i n k l e  a s  l o n g  a s  t h e  amoeba was 
a l i v e .
T hese  ( x p e r im e n t s  h a v e  b e e n  r e p e a t e d  b y  t h e  p r e s e n t
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a u t h o r  and i n t e r p r e t e d  a s  f o l l o w s .  O i l  d r o p s  i n  c e l l s  
h a v e  an  i n t e r f a c i a l  t e n s i o n  o f  p r a c t i c a l l y  z e r o  (H arvey  
and  S h a p i t o ,  1 9 3 4 ;  H a rv e y ,  1 9 3 7 ) .  T h is  i s  due t o  a  
m o n o la y e r  o f  p r o t e i n  a t  t h e  o i l - w a t e r  i n t e r f a c e  ( D a n i e l l i  
and  H a rv e y ,  1 9 3 4 ;  D a n i e l l i ,  1 9 3 8 ) .  Now p r o t e i n  mono­
l a y e r s  w ou ld  c o l l a p s e  a s  t h e  a r e a  a v a i l a b l e  on t h e  s u r f a c e  
o f  t h e  c o n t r a c t i n g  o i l  d ro p  became r e d u c e d ,  and  do i n  f a c t  
do 3 0 ,  a s  shown b y  t h e  w r in lc le s  on t h e  c o n t r a c t e d  o i l  i n  
d e a d  am oebae .  S i n c e  t h i s  d o e s  n o t  h a p p e n  i n  l i v i n g  amoebae 
and t h e  p r o t e i n  m o n o la y e r s  a r e  u n d o u b t e d l y  t h e r e ,  t h e y  m u s t  
b e  g o i n g  i n t o  s o l u t i o n .  B u t  p r o t e i n  m o n o la y e r s  a r e  " d e ­
n a t u r e d ^  and  i n s o l u b l e .  The c e l l  e v i d e n t l y  h a s  some means 
o f  f o l d i n g  them up i n t o  t h e  s o l u b l e  g l o b u l a r  fo rm .  How i t  
d o e s  t h i s  i s  unknown, b u t  p o s s i b l y  some A T P - l ik e  s u b s t a n c e  
(w h ich  w ould  s o o n  d i f f u s e  o u t  o f  d e a d  amoebae) i s  i n v o l v e d ,  
i n  a  m echan ism  s i m i l a r  t o  t h a t  o p e r a t i n g  i n  t h e  c e l l  membrane 
o f  t h e  amoeba* s t a i l  (w h ic h  c o n t r a c t s  and d i s s o l v e s  when ATP 
i s  i n j e c t e d  i n t r a c e l l u l a r l y  ( G o l d a c r e  and L o rc h ,  1950. ) .
T l ia t  u n f o l d i n g  o f  p r o t e i n s  may b e  r e q u i r e d  i n  c e r t a i n  
c a s e s  o f  enzyme a c t i v i t y  (w here  p r e s u m a b ly  g r o u p s  b u r i e d  
w i t h i n  t h e  m o l e c u l e  a r e  b r o u ÿ a t  t o  t h e  s u r f a c e )  h a s  b e e n  
p o s t u l a t e d  b y  E y r i n g  J o h n s o n  and  G e n s l e r  ( 1 9 4 6 ) ,  who fo u n d  
t h a t  t h e  u n f o l d i n g  o f  p r o t e i n s  i s  ac co m p a n ied  b y  an u n u s u a l l y  
l a r g e  c h a n g e  i n  m o l e c u l a r  volume ( a b o u t  1 p e r  c e n t  p e r  100
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r e s i d u e s ) ,  an d  t h a t  u n f o l d i n g  c a n  b e  p r e v e n t e d  b y  t h e  
a p p l i c a t i o n  o f  a s  l i t t l e  a s  400 a t m o s p h e r e s  p r e s s u r e .
T h i s  p r e s s u r e  was shown t o  i n h i b i t  t h e  a c t i o n  o f  i n v e r -  
t a s e ,  t o  i n f l u e n c e  t h e  s o l - g e l  ch a n g e  i n  m y o s i n ,  t h e  
l u m i n e s c e n c e  o f  b a c t e r i a  and  t o  c a u s e  t h e  r e v e r s i b l e  
d i s a p p e a r a n c e  o f  t h e  s p i n d l e  i n  m i t o s i s .  I t  a l s o  c a u s e s  
t h e  c o r t i c a l  g e l  i n  amoeba t o  l i q u e f y ,  so  t h a t  e x t e n d e d  
p s e u d o p o d i a  b r e a k  up i n t o  a  c h a i n  o f  s p h e r e s  (M a r s la n d  
and  Brown, 1 9 3 6 ) ,
I t  i s  h a r d  t o  im a g in e  t h e  s y n t h e s i s  o f  p r o t e i n s  
i n  a  c e l l  f ro m  a  p r o t e i n  t e m p l a t e ,  u n l e s s  t h e  t e m p l a t e  
i s  c o m p l e t e l y  u n f o l d e d  a t  some s t a g e ,  ( w i t h  t h e  f o r m i n g  
m o l e c u l e  a d s o r b e d  on i t ) ,  o t h e r w i s e  a  p a r t  o f  th e  p a t t e r n  
w o u ld  b e  l e f t  o u t .  ( E y r i n g ,  e t  a l . , 1 9 4 6 ;  s e e  a l s o ,  
G o l d a c r e ,  L o v e l e s s  an d  R o s s ,  1 9 4 9 ) .  I n  any  c a s e ,  t h e  
l i v i n g  c e l l  d o e s  make g l o b u l a r  p r o t e i n s  and  s i n c e  t h e s e  
c o n t a i n  f o l d e d  c h a i n s  b u r i e d  w i t h i n  t h e  m o l e c u l e  w e l l  o u t ­
s i d e  t h e  r a n g e  o f  o r d i n a r y  v a l e n c e  f o r c e s  f rom  o u t s i d e ,  
t h e s e  m o l e c u l e s  m u s t  h a v e  b e e n  f o l d e d  up b y  t h e  c e l l .
S t r o n g  e v i d e n c e  o f  t h e  c e l l * s  a b i l i t y  r a p i d l y  t o  
f o l d  up p r o t e i n  m o n o l a y e r s  comes f ro m  a  s t u d y  of. am oeboid  
movement ( G o l d a c r e  and  L o rc h ,  1 9 5 0 ) .  L ocom ot ion  o f  t h e  
amoeba i s  due  t o  t h e  c o n t r a c t i o n  o f  t h e  c o r t i c a l  g e l  a t  t h e  
r e a r  end  o f  t h e  c e l l .  A f t e r  c o n t r a c t i n g  t h e  g e l  l i q u e f i e s
as
P i g  1$ .  Amoeba d i s c o i d e s ,  p h o t o g r a p h e d  i n  t h r e e  s u c c e s s i v e  
p o s i t i o n s ,  show ing  c o n t r a c t i o n  o f  t h e  c o r t i c a l  
g e l ,  an d  o f  t h e  me.jbrune a t t  ched  t o  i t ,  a t  
t h e  r e a r  o f  t h e  c e l l ;  anv t h e  w r i n k l i n g  
o f  t h e  Liembrune.
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and  i s  s q u e e z e d  fo rv /a rd  up t h e  c e n t r a l  c h a n n e l  o f  t h e  
c e l l  t o  f o rm  more g e l  on t h e  w a l l s  o f  t h e  a d v a n c in g  
psoudoD od .  r i g . 15 shows t h e  smae c e l l '  p h o t o g r a p h e d  
a t  s h o r t  i n t e r v a l s  o f  t im e  i n  t h r e e  s u c c e s s i v e  p o s i t i o n s ,
Two p s e u d o p o d i a  a t  t n e  r o a r  o f  t h e  c e l l  a r e  f i x e d  p o i n t s  
o f  r e f e r e n c e  r e m a i n i n g  s t a t i o n a r y  on t h e  s l i d e .  I t  c a n  
D8 s e e n  f ro m  t h e  p h o t o g r a p h s  t h a t  t h e  membrane on t h e  l e f t  
o f  them  becom es  g r e a t l y  r e d u c e d  i n  a r e a  i u  h a l f  a  m i n u t e ,  
i t  i s  o b v io u s  t h a t  i t  m u s t  b e  d i s s o l v i n g  o t h e r w i s e  t n e  c e l l  
w ou ld  s o o n  become f u l l  o f  m em brane.  The t a l l  i s  w r i n i i l e d  
l i k e  a  c o l l a p s e d  m o n o l a y e r  ( ? i^ ^ .21) , T h i s  i s  p r o b a b l y  due
t o  t h e  t w o - d i m e n s i o n a l  c o m p r e s s i o n  a r i s i n g  f rom  t h e  c o r t i c a l
; e l  a t t a c h e d  t o  i t .
The low s u r f a c e  t e n s i o n  o f  t h e  p l a s m a  membrane w h ic h
j Ctile 1^32.  ^ jee d/lo
i s  l e s s  t h a n  1 dy n e  / c m .  (D avson  and  D a n i e l l i  , 1943) shov/s
A
t h a t  t h e  p r o t e i n  m o n o l a y e r s  i n  i t  m u s t  b e  n e a r  . t h e i r  c o l l a p s e  
p r e s s u r e .  The l i p o i d  i t s e l f  i n  t h e  membrane would  e x e r t  a
s u r f a c e  t e n s i o n  a g a i n s t  v / a t e r  o f  a b o u t  20 d y n e s / c m , ,  so  t h a t
t h e  s u r f a c e  p r e s s u r e  o f  t h e  a d s o r b e d  p r o t e i n  m o n o la y e r ,  e q u a l  
t o  t h e  s u r f a c e  t e n s i o n  l o v / e r i n g ,  m u s t  be  a l s o  20 d y n e s /c m .  
T h i s  i s  c l o s e  t o  t h e  c o l l a p s e  p r e s s u r e  o f  m o s t  p r o t e i n  mono­
l a y e r s  (Langcauir ,  1 9 5 9 ) ,
T h a t  i t  i s  i n  f a c t  a t  t h e  c o l l a p s e  p r e s s u r e  i s  shown
b y  t h e  d a t a  o f  C o le  (1 9 5 2 )  who f l a t t e n e d  c e l l s  m e c h a n i c a l l y
66
so  a s  t o  I n c r e a s e  t h e i r  s u r f a c e  a r e a  b y  a b o u t  50 p e r  c e n t .
I n  s p i t e  o f  t h i s  t h e  s u r f a c e  t e n s i o n  o f  t h e  c e l l s  r e m a in e d  
p r a c t i c a l l y  z e r o  ( 0 . 1  -  0 . 2  d y n e s / c m . ) .  Now n o r m a l l y ,  a 
c h a n g e  o f  s u r f a c e  p r e s s u r e  o f  a b o u t  20 -  25 d y n e s /c m .  i s  
n e e d e d  t o  c h a n g e  t h e  a r e a  o f  p r o t e i n  m o n o la y e r s  b y  50 p e r  
c e n t  (L a n g m u i r ,  1939)  u n l e s s  t h e  f i l m  i s  a t  i t s  c o l l a p s e  
p r e s s u r e ,  when a  c h a n g e  i n  a r e a  i s  ac co m p a n ied  b y  no ch ange  
i n  s u r f a c e  p r e s s u r e .  The membrane e v i d e n t l y  expands  b y  
d r a w i n g  on g l o b u l a r  p r o t e i n  and l i p o i d  i n  t h e  p r o t o p l a s m  
a d j a c e n t  t o  i t ,  and c o n t r a c t s  b y  f o l d i n g  up  and  b eco m in g  
g l o b u l a r  p r o t e i n  i n  t h e  p l a s m a s o l .  Tlie c e l l  c o m p l e t e l y  
r en ew s  i t s  m em brane,  d u r i n g  t h e  t im e  i t  moves t h r o u g h  i t s  
own l e n g t h  ( i . e .  a b o u t  2 m i n u t e s ) .  Tlie membrane fo rm s  
a t  t h e  a d v a n c i n g  end  o f  t h e  c e l l  i n  much t h e  same way a s  
a  p r o t e i n  s p r e a d  a t  an  o i l  w a t e r  i n t e f a c e .  Tliis  s p r e a d i n g  
o c c u r s  s p o n t a n e o u s l y  a n d  s i n c e  t h e r e  i s  p l e n t y  o f  p r o t e i n  
i n  t h e  p r o t o p l a s m  (a n d  a lw a y s  a  t r a c e  i n  t h e  medium, o t h e r ­
w i s e  t h e  amoebae c y t o l y s e )  and  l i p o i d  i n  t h e  p la s m a  membrane 
( D a n i e l l i ,  1943)  newocil l  membrane w ould  fo rm  s p o n t a n e o u s l y  
i f  t h e  membrane w ere  b low n  o u t .  The m ore i n t e r e s t i n g  
p r o c e s s  i s  t h e  r e f o l d i n g  o f  t h e  p r o t e i n  m o n o la y e r s  i n  t h e  
d o u b l e  l i p o - p r o t e i n  f i l m  o f  t h e  p l a s m a  membrane,  s i n c e  r e ­
f o l d i n g  o f  p r o t e i n  m o n o l a y e r s  i s  d i f f i c u l t  t o  b r i n g  a b o u t  
i n  v i t r o  and  a l m o s t  a lw a y s  r e s u l t s  i n  c o l l a p s e  o f  t h e  f i l m
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in to  in so lu b le f ib r e s . The t a i l  o f the amoeba in  # iioh  
th is  occurs w ill  now be considered in  some d e ta il .  Since 
the t a i l  i s  not generally  recognised as a permanent feature  
o f  the amoeba (not because of evidence to the contrary, but 
because l i t t l e  a tten tio n  has been paid to i t )  i t s  permanence 
w ill  be d ea lt with f i r s t .
The Permanence o f the Amoeba's T a il, and i t s  Nature.
The early  workers on amoebae were obsessed by the 
lack o f order in  these c e l l s ,  as exem plified in  the names 
they gave them -  Chaos chaos. Amoeba chaos. Chaos proteus 
(though i t  i s  true that Chaos proteus eventually became 
Amoeba proteus). This unfortunate impression o f disorder  
has survived to  some extent in  the text-books and a common 
statement i s  that an sunoeba puts out pseudopodia a l l  over 
i t s  surface in  a random way. This "randomness" seems, 
indeed, to  be the main property associated  with amoebae.
Now most c e l l s  have an terior-p osterior  p o larity  
(H oltfreter  ,1949) [though th is  fa c t  i s  u sually  obscured by 
the conventional diagrams o f c e l l s  (showing them as round, 
oval or square structures with a m ultiple a x is  of symmetry 
which does not e x is t )  in  the f i r s t  chapter o f biology  
reference-books, so that students are misled in  th e ir  very  
f i r s t  year^  The amoeba i s  no exception to th is ,  and 
i t s  t a i l  i s  sometimes hinted at in  drawings of amoebae in
TF ' 3
. B f S ^ X T  / O m  o - f
C 3  I  4 -  /  C  H
^ —  7 ^ ^
t>
b^^CjOivL^s \  ( \
68
the textbooks (e.g. Heilbiuim 1937) and its existence has 
been put forward in an admirable microdissection study by 
Radir (1931). He concluded from the wrinkling of the rear 
end of actively-streaming amoebae that the tail or "uroid" 
is necessary to the normal amoeba during locomotion.
Briefly, Radir's experiments, confirmed also by 
the Author, were as follows :
The amoeba was out into two pieces and the cut 
ends repaired themselves. When the cut was between the 
tail and the nucleus ( (a), fig 16) the nucleated portion 
formed a new tail at the cut. When the cut was between 
the nucleus and the anterior end (b), the nucleated portion 
did not form a tail at the cut, but the original tail 
maintained its dominance. In the one case, the cut becomes 
the tail, in the other, the head. This shows that the 
plasma membrane is different in front of and behind the 
nucleus.
The fragment without a nucleus had sporadic 
undirected irregular motion as is usual with enucleated 
amoebae.
Pantin (1923) reported that marine amoebae moved 
in  an approximately stra ig h t lin e  fo r  over 10 m illim etres 
( i . e .  100 X length  o f c e l l )  maintaining a monopodel shape
and a wrinkled t a i l  a t the rear which was not deposed by a 
t a i l  a r is in g  from another part of the c e l l .
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The posterior part or tailing portion of an 
actively streaming A.Proteus and A. discoite consists of a 
cluster of some dozens of wrinkles of 3 - 12 diameter 
each.
In the present study, the tail was found to be a 
relatively permanent part of the cell, in contrast to the 
advancing pseudopod and the adventitious lateral pseudopodia. 
The membrane at the tail is much more firmly attached to the 
cytoplasm than at any other part of the cell. This can be 
demonstrated by a wide variety of reagents (see Section on 
anaesthetics).
The evidence of a permanent tail is as follows :
1. Many active specimens of A. discoides and A.proteus
were observed for long periods and their tails were never 
found to disappear or be superseded by a tail arising from 
some other part of the cell.
Cells placed in a small circular drop of culture 
medium under oil moved round the periphery in one direction 
for hours. Cells with plenty of room moved in an irregular 
line as if driven from the back, but if confined in a long 
thin channel foimed by drawing out the medium under oil with 
a micromanupulator needle to foim a channel slightly wider 
than the (elongated) amoeba, but too narrow for it to turn 
around, then amoebae moved in a strai#t line without reversal 
from one end to the other. When the amoeba reached the end, 
it could not turn around, but nevertheless it did not go into
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reverse; i t  was unable to destroy i t s  old t a i l  and form 
another at i t s  anterior end; i t  eventually moved baok by 
a complicated se r ie s  of movements, in  «hich  the old t a i l  
Was preserved (P ig .1 7 ).
2. A strong stim ulus ( e .g .  l ig h t ,  poking with needle, 
in je c tio n  of aT ) at any advancing part of the amoeba
w i l l  cause retra ctio n  and a temporary t a i l  region th ere.
The o e l l  e ith er  recovers a fter  a short period and resumes 
i t s  former d irectio n  of streaming, or goes permanently into  
reverse . In th is  case , the old t a i l  fu ses with the sub­
s id ia ry  t a i l  w ith in  a minute or two and so reasserts i t s e l f .  
I t  i s  never p o ssib le  to observe the induced subsidiary t a i l  
for more than two minutes ( i . e .  the time i t  takes the amoeba 
to  move through i t s  own la ig th )  because the c o r tic a l gel 
between the two t a i l s  contracts under the influence o f each 
so that the t a i l s  are pulled together (P ig .1 8 ).
3 . jj.though no t a i l  disappearance was observed by 
m icroscopic observation over a period of hundreds of amoeba- 
hours during the year o f handling th e  anim als, i t  could not
® be certa in  that the operator’ s enforced rest due to  v isu a l 
fa tig u e , even i f  only fo r  a fra ctio n  of a minute, did not 
allow the amoeba to form a new t a i l  somewhere e lse  in  place 
of the old one; for i t  was found that the average l i f e  of 
a pseudopod in  A .d isco id es was 50 seo s. Time-lapse c in e -  , 
matography, th erefore , was used to follow  the movements of 
amoebae without a break fo r  an hour, taking photographs
cF ( g  / ^ .
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every second. Analysis of the film  showed that the t a i l  
p ersisted  throughout that period. Much feeding within a
short period sometimes caused the arrest o f the amoeba;
but a fte r  a short pause fo r  d ig estio n  the old t a i l  reasserted  
i t s e l f  and the c e l l  moved on.
4. Cutting o f f  the t a l l  (Radir 1931) produces two
fragments; the old t a l l  behaves lik e  an enucleated amoeba 
and moves a im lessly  and sporadically; the one with the 
nucleus reforms a t a i l  a t the cut end, and behaves lik e  a 
normal amoeba. This shows that the t a i l  can read ily  be 
elaborated (by the stim ulus of the cut) from other parts of 
the c e l l ,  in  the absence o f the or ig in a l t a i l  to assert i t s
dominance. I t  a lso  shows that the t a i l  and the nucleus
between them determine the p o lar ity  of the c e l l .
5. The most convincing evidence that a part o f the 
membrane i s  d ifferen tia te d  as t a i l  comes from the behaviour 
of the c e l l  in  a d ilu te  so lu tion  o f osmic acid . The process 
can be observed from beginning to  end. I f  actively-stream ing  
amoebae are observed in  a hanging drop, (so that there i s
no doubt about idiioh i s  the p osterior end -  though i t  i s  easy 
to  see at a glance of a s t i l l  photograph since i t  i s  the 
wrinkled end o f the c e l l )  and then 2^ osmic acid i s  in jected  
underneath so that the vapour comes in  contact with the drop, 
the c e l l s  stop streaming in  a second or two and the membrane b qgns 
to  l i f t  away from the cytoplasm a l l  around the c e l l  except at
»\M Æh-
i
Fig 1 9. Amoebae in hanging drop, exposed to vapour 
from 2^ 6 osmic acid solution^ Membrane lifts off 
granular cytoplasm except at tail( L.H*S.).
F i g  20(a). T a i l  e f f e c t  i n  Amoeba p r o t e u s  w i t h  b e n z e n e  
Amoeba i n  h a n g in g  d ro p  e x p o s e d  t o  v a p o u r  from  a  
1;8 b e n z e n e l a r a c i i i s  o i l  s o l u t i o n :  membrane l i f t s
o f f  c y to p la s m  e x c e p t  a t  t a i l .
•V
Fig 20(b). Tail effect in amoebae exposed to benzene 
vapour. The lower cell has broken into three pieces as 
a result of tne benzene, and two of them have organised 
tails (c±\ Radirè experiment, fig 1^ , p.68.). The rear 
end of each cell is marked with an arrow — >
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the t a i l  where i t  remains attached (F ig .19).
The process i s  quite p la in  in  about ten seconds and 
complete in  several minutes.
A wide v ariety  of other milder reagents behave 
s im ila r ly , except that they do not f ix  the c e l l ,  which 
recovers i f  rescued. A ll the fa t-so lu b le  in ert v o la t i le  
substances tr ied  (about 40 out of 80 substances used) did 
th is  -  benzene, chloroform, ether, hexane, a lcohol, e t c . ,
(see F ig .20). ' A l i s t  i s  given in  Table 3*
That the t a i l  should be more firm ly attached to  
the cytoplasm than the r e s t  o f the c e l l  i s  not surprising, 
since i t  i s  at the t a i l  that the membrane i s  contracting and 
d isso lv in g  in to  the cytoplasm (F ig .15, p. G9 ) so that here 
a p articu lar ly  intim ate re la tio n  would be expected between 
them.
The Nature of the T a il.
The t a i l  o f the amoeba has a wrinkled appearance 
very l ik e  the appearance of protein  monolayers which have been 
collapsed by compressing them on the langmuir tr o u ^  (compare
*  ..
y F igs. 15  ^19 eSd^^-â^-with the follow ing P ig ,21, magnified to  the 
same ex ten t, showing the w rinkles).
This suggests that the protein  monolayers in  the 
c e l l  membrane are collapsed and folded up by the contraction  
of the c o r tic a l g e l attached to i t .  In support o f th is  the
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surface tension  of the plasma membrane i s  le s s  than one
(1931^  ÿ Ccle^ ' 5ee <3f?o
dyne/cm.(Davson and D a n ie lli, 1943). Since the plasma 
membrane i s  a double lip o -p ro te in  film  (D a n ie lli, 1936) 
and the lip o id  by i t s e l f  would exert a surface tension against 
water o f about 20 dynes/cm, the surface pressure of the 
adsorbed protein  film  (equal to the surface-tension  lowering) 
must be 20 dynes/cm.
This i s  c lo se  to  the co llap se pressure of most 
protein  monolayers (Langmuir, 1939).
That i t  i s  in  fa c t a t the co llap se pressure i s  
shown by the data o f Cole (1932), who fla tten ed  c e l ls  
mechanically so as to increase the ai’ea by about 50^. In 
sp ite  of th is  the surface tension  of c e l l s  remained p ra ctica lly  
zero (0 .1  -  0 .2  dynes/cm). Now normally, a change of surface 
pressure o f about 20-25 dynes/cm i s  needed to change the area 
of protein  monolayers by 50^ (from curves given by Langmuir, 
1939, reproduced here -  P ig .'22) unless the film  i s  already at 
i t s  co llap se  pressure, when a change in  area i s  accompanied 
by no change in  surface pressure.
Hence the protein  monolayer in  the plazma membrane 
i s  a t i t s  co llap se pressure, and the membrane probably expands 
(with no appreciable change in  surface tension) by drawing on 
globular protein  and lip o id  in  the protoplasm adjacent to  i t ,  
and contracts by fo ld in g  up and becoming globular protein in  
the plasm asol. For i f  the monolayer did not fo ld  up in to  the
F, 9 23,
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g l o b u l a r  fo rm , b u t  j u s t  c o l l a p s e d  i n t o  f i b r e s  a s  i t  d o e s  on 
t h e  L an g m u ir  t r o u g h ,  t h e  c e l l ,  w h ic h  c o m p le te ly  renew s 
i t s  membrane e v e r y  two m in u te s  ( t h e  t im e  i t  t a k e s  t o  move 
t h r o u g h  i t s  own l e n g t h )  w o u ld  so o n  v i s i b l y  become f u l l  o f  
m em brane .
T he  m aim er o f  f o r m a t i o n  o f  t h e  w r i n k l e s  i n  t h e  
membrane o f  t h e  am oeba’ s  t a i l  i s  a s  i n  P i g .  2 3 .
T he w r i n k l e s  b e g i n  w i t h  a  d i a m e t e r  o f  a b o u t  12 JH. 
( a s  m e a s u re d  by t h e  o p t i c a l  m ic ro m e te r )  and  s lo w ly  s h r i n k  
t o  a  d i a m e t e r  o f  3 ja.. a t  w h ich  s t a g e  a  f u r t h e r  12  p. w r i n k l e  
a p p e a r s  u n d e r n a a t h ,  s o  t h a t  t h e  o r i g i n a l  w r i n k l e s  a r e  m ere 
p im p le s  on t h e  n e x t  s e t  o f  w r i n k l e s .  T h e re  i s  no  e v id e n c e  
o f  f i b r e s  fro m  t h e  t a i l  e n t e r i n g  t h e  c y to p la s m  t h e r e .
I t  was f o u n d ,  by c o l l a p s i n g  a r t i f i c i a l  f i l m s  
o f  known t h i c k n e s s  on  t h e  L a n g m u ir  t r o u g h ,  and by c o m p re s s in g  
o t h e r  f i l m s  i n  a  s i m i l a r  w a y , . t h a t  t h e  d i a m e t e r  o f  th e  
w r i n k l e s  was a b o u t  1,000 t i m e s  t h e  t h i c k n e s s  o f  t h e  f i l m  
( T a b le  4  ) .
TABLE
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Film
Film
Thickness cms.
Diam.of 
Wrinkle,cms.
Wrinkle diam. 
Film thickness
Ovalbvuoin
monolayer 10-7 10-5 - 1Q-* 1000 - 10 ^
Collodion
film 10-7 10-4 1000
W « 2 X 10"^ 10-5 @00
Paper 6 X 10-5 4 700
« 8 X 10-5 6 800
tf 5 X 10-5 5 1000
H 3 X 10-5 5 1000
If 7 X 10-5 7 1000
wrinkle dlam.
Naturally, the ratio thickness
on the specific stiffness of the material, but it is
remarkable that over a 100,000 - fold range of thickness
the ratio is so constant. If the amoeba's membrane obeys
1
this rule, then its thickness will be 1ÜUÜ x (:^ u - 12^)
or 50 -,120 A , in good agreement with the value of
50 A found for leucocytes, red cells and arbacia eggs by
various other methods, such as electrical impedence, amd
e t c .
spreading membrane lipoid as a monolayer/(Davson and Danielli
1943).
There is thus a continual disappearance of area
76
of membrane in  the t a i l ,  and i t  i s  probable that the 
d isso lv in g  of the membrane i s  due to the fo ld in g  up of the 
protein  m olecules in  i t  from the fibrous in to  the globular 
form, as a re su lt  of the two-dimensional compression 
a r is in g  from the c o r tic a l ge l attached to i t .
A sim ilar  molecular process i s  l ik e ly  in  the 
c o r tic a l g e l i t s e l f ,  and responsible fo r  i t s  contraction and 
eventual liq u e fa c tio n . The g e l liq u e f ie s  a fter  i t  has 
contracted to  about one quarter of i t s  or ig in a l length .
This was deteimined by measuring, with the o p tica l micro­
meter, the width of a given part of the amoeba from the 
time o f i t s  fonnation in  the advancing pseudofod to the 
time of i t s  ultim ate contraction and liq u efaction  in  the 
t a i l .  The p articu lar  part o f the amoeba being observed 
was marked e ith e r  by n otic in g  p articu lar granules in  the 
cytoplasm, or b etter , by using la te r a l pseudopoded them­
se lv es  as markers. F ig .15, p , shows how the ge l 
between two peeudqlodia contracts to  about ^ as the t a i l  
advances on them. (A lso, cinematograph records were 
used; knowing what was going to  happen helped to  avoid 
measuring in  p laces where a la te r a l pseudopod was about 
to  be protruded).
A ty p ica l measurement i s  as shown in  P ig .24.
r
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The g e l expands, p ossib ly  as a resu lt of increasing  
pressure w ithin the c e l l  as the t a i l  end approaches i t  
(fo r  the motive force driving the cytoplasm along the 
central channel i s  a pressure d ifference between front and 
back o f the c e l l ) .  Then, vAen the gel comes under the 
chemical in fluence o f the t a i l ,  i t  contracts and liq u e fie s  
(B -  C, P ig .24). Prom the graph, the contraction from 
SB to  00 i s  about 4 s 1, or, i f  ex trap ola tive-to  OD i s  
p ossib le  (assuming that the g e l would kaye stretched even 
further i f  i t  had not started  to contract, as a resu lt of 
the chemical in fluence o f  the t a i l )  the contraction i s  
7 : 1 .
I t  appears as i f  the g e l contracts as a resu lt  
of some substance secreted  on to i t  from a body in  the 
t a i l ,  which body fo r  convenience w ill  be ca lled  a " ta il  
organiser". The t a i l  i s  se lf-p erp etu atin g . As the 
t a i l  advances, i t  l iq u e f ie s  each part o f the c o r tic a l ge l 
in  turn (P ig .15, p .45 ) . The t a i l  i s  pulled forward
continuously by the contraction of the c o r tic a l ge l 
attached to  i t ,  and that part o f the membrane which d isso lv es  
in to  the cytoplasm i s  replaced by freshly-w rinkled membrane 
from ju st  in  front o f i t .
The questioqAdilch next a r ise s  i s  how to account 
fo r  th is  in  tenus o f molecules and th e ir  in tera ctio n s. In
the next chapter a working hypothesis i s  put forward involving
Gel
Contracted Gel
LTD liU WJ Sol—molecules
ifll IfU no longer
ifU 1 /Ü  l / U  interlock
F ig  25. D iag ro iiim atic  r e p r e s e n t a t i o n  o f  t h e  f o l d i n g - u p  
o f  p r o t e i n  p o l^ y p e p t id e s  c h a i n s  i n  t h e  p r o t o p l a s m .
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the rev ersib le  fo ld in g  o f protein molecules, and the experi­
ments te s t in g  th is  hypothesis are described.
WORKING HYPOTHESIS.
The changes occurring in  the amoeba's t a i l  are 
p a ra lle led  by the action  o f ATP on the aotomyosin g e l. Thus, 
addition  o f ATP causes liq u efa ctio n  of the g e l, and a con­
tra ctio n  of an actomyosin fib re  (Szent-Gyorgyi, 1947).
Goldacre and Lorch (1950) in jected  ATP in to  the amoeba and 
found that i t  did cause contraction and liq u efaction  of the 
c o r tic a l g e l .  The amoeba i s  l ik e  a muscle c e l l  in  which the 
contraction  i s  slow and confined to  the rear end. Unlike in  
muscle, the contracted protein  i s  soluble and i s  squeezed away 
to  relax again a t the opposite end o f the c e l l .
This suggests a p icture o f the amoeba in  terms o f  
protein  m olecules as in  F ig .26.
The protein  m olecules in  the liq u id  part of the 
cytoplasm must be folded up, since almost a l l  known proteins 
g e l when unfolded, ( e .g .  by heating) when in  the high con­
centration  that e x is t s  in  c e l l s  (10-20 per cen t). The 
protein  m olecules in  the g e l would be unfolded in  order to  
form an in terlock in g  network of f ib r e s . The change from gel 
in to  s o l  as a resu lt o f the folding-up o f the molecules would 
thus cause a contraction during the f i r s t  part of th is  
process before the extended molecules had com pletely disengaged
e nc
E
I
c
Q
u
m
Zone of 
Unfolding
Cortical Gel
Nucleus
Zone of 
Refolding 
and 
Contraction 
(“tail”)
P i g  26. D iagram  o f  a n  amoeba , sh o w in g  s u g g e s te d  
d e g r e e  o f  f o l d i n g  o f  p r o t e i n  m o le c u l e s  a t  v a r i o u s  
p a r t s  o f  t h e  c e l l .
7 9 .
one from another (F ig .25 )^.
A diagrammatic representation of the protein mole­
cu les  in  the amoeba would be as in  F ig .2 ‘6.
The s iz e  o f protein molecules makes i t  fe a s ib le  to  
handle them diagrammatically as shown here; for the length of 
an amoeba (0 .5  mm fo r  A. d isco id es) could be spanned by the 
unfolded polypeptide chain of a protein  molecule of 
m olecular weigiit 100,000,000 (or 1000 molecules o f rawt.100,000) 
and the c o r tic a l g e l (IQu th ick) would correspond to the 
th ickness o f  about 10,000 wet protein  monomolecular layers.
In th is  model, the events in  the membrane are 
p ara lle led  by the events in  the cytoplasm next to i t  in  the 
front o f  the c e l l ,  unfolding of protein  to form new membrane 
i s  accompanied by unfolding o f cytoplasmic protein to fo m  
c o r t ic a l g e l ,  and in  the back, fo ld in g  of membrane monolayers 
during the progressive reduction o f area of the t a i l  i s  
accompanied by fo ld in g  of the cytoplasmic extended protein  
chains to  fo m  plasmasol. The d isso lved  membrane contributes 
to  t h i s  plasmasol (though the membrane o f course contains 
lip o id  in  addition  to protein , and the freedom cf movement of 
ion  through i t  i s  much le s s  than through the plasm asolj.
This model postulated for  the c e l l  pred icts the 
ex isten ce  of certa in  phenomena, which became the subject o f  
in v e s t i^ t io n .
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6. 2. . O sm otio  w o rk ,  i . e .  t h e  a c c u m u la t io n  o f  m a t e r i a l  a g a i n s t  
a  c o n c e n t r a t i o n  g r a d i e n t .
When p r o t e i n  m o le c u le s  a r e  u n f o ld e d  th e y  have  more 
s u r f a c e  a r e a  a v a i l a b l e  f o r  t h e  a d s o r p t i o n  o f  o t h e r  m o le c u le s  
t h a n  when t h e y  a r e  f o l d e d  u p ,  'i'he s i d e - c h a i n s  an d  o t h e r  g ro u p s  
w h ic h  w ere  u s e d  t o  h o l d  one p a r t  o f  t h e  p o l y p e p t i d e  c h a i n  t o  
a n o t h e r  p a r t  i n  t h e  f o l d e d  g l o b u l a r  m o le c u le  become f r e e  and 
t u r n  to w a r d s  t h e  s o l u t i o n  a n d  c a n  t h e n  a d s o r b  o t h e r  s u b s t a n c e s .  
T h i s  Was d e m o n s t r a t e d  c h e m ic a l l y  i n  P a r t  a .  F o r  e x a m p le ,  
o v a lb u m in  a d s o r b e d  8 t im e s  a s  much dye when u n f o ld e d  a s  a  mono­
l a y e r  t h a n  when i n  a  g l o b u l a r  fo rm  i n  s o l u t i o n .  S i m i l a r l y ,  
O s t e r  an d  G r im sso n  (1 9 4 9 )  fo u n d  t h a t  to b a c c o  m o sa ic  v i r u s  
i n c r e a s e d  i t s  u p ta k e  o f  dye 300 t i m e s  when d e n a t u r e d .
T h i s  d i f f e r e n c e  b e tw e e n  o v a lb u m in  and  t h e  v i r u s  i s  t o  be 
e x p e c t e d  b e c a u s e  t h e  l a r g e r  m o le c u l e s  h a v e  a  h i g h e r  p r o p o r t i o n  
o f  t h e  s i d e - c h a i n s  b u r i e d  w i t h i n  t h e  m o le c u l e .  The p r o c e s s  
i s  r e p r e s e n t e d  d i a g r a m m a t i c a l l y  i n  F i g .  £ 7 .
I n  t h e  am oeba t h e  u n f o ld e d  m o le c u le s  i n  t h e  c o r t i c a l  
g e l  and  p la sm a  membrane s h o u ld  a d s o r b  t h e  m a t e r i a l  f ro m  t h e  
e n v i r o n m e n t ,  and  when t h e y  f o l d  up i n  t h e  t a i l ,  t h e y  s h o u ld  
d e s o r b  i t .  T h u s ,  i n  t im e  a  l a r g e  am ount o f  m a t e r i a l  s h o u ld  
be r e l e a s e d  i n t o  t h e  t a i l .  T h i s  i s  e x a c t l y  w hat was f o u n d  by 
e x p e r i m e n t ,  a  s h o r t  a c c o u n t  h a s  been  p u b l i s h e d  ( G o ld a c r e  and  
L o r c h ,  1 9 5 0 ) .  Amoebae p la c e d  i n  a  d i l u t e  s o l u t i o n  o f  n e u t r a l  
r e d  ( t h e  optim um  was fo u n d  t o  be 0 .0 0 3  p e r  c e n t ) a c c u m u la te d  
t h e  dye i n  t h e i r  t a i l s ,  b u t  o n ly  whan t h e y  w ere  a c t i v e l y
YP ig  2 8 .  Amoeba d i s c o i d e s ,  a f t e r  s t r e a m i n g  f o r n  15 
m i n u t e s  i n  0 . 00) ^  n e u t r a l  r e d  s o l u t i o n ,  sh o w in g  
dye  a c c u m u la te d  i n  t h e  t a i l  ( L . H . S . ) .
( ^ ) Actw
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s t r e a m i n g  ( s e e  F i g s . l i  a n d l f  )• When t h e  amoeba h ad  moved 
a b o u t  h a l f  i t s  l e n g t h  th e  s t a i n i n g  o f  th e  t a i l  became c o n ­
s p i c u o u s .  The a d v a n c in g  pseudopod  was r e l a t i v e l y  c o l o u r l e s s .
On t h e  o t h e r  h a n d ,  amoebae w h ich  were s t i l l  beoairn 
s t a i n e d  u n i f o r m ly  a l l  round  t h e  p e r i p h e r y .  T h is  shows t h a t  
t h e  c o l o u r  I n  t h e  t a i l  i s  n o t  due t o  a  s t a i n a b l e  boô y i n  i t  
b u t  i s  a  r e s u l t  o f  t h e  movement o f  t h e  c e l l .  I f  t h e  amoeba 
d i e d  or c y t o l y s e d ,  t h e  w hole  o f  th e  c y to p la s m  i n s t a n t l y  became 
s t a i n e d ,  much more i n t e n s e l y  t h a n  when a l i v e .  T h is  shows 
t h a t  t h e  w hole o f  t h e  c y to p la s m  i s  s t a i n a b l e ,  and  t h a t  i t  has  
a  m echanism  f o r  r e l e a s i n g  i t s e l f  from  th e  dye i t  h a s  t a k e n  u p . 
F i g .  29 i s  a  d ia g ra m  o f  t h r e e  t y p e s  o f  u p ta k e .
The dead c e l l  s t a i n s  so  r a p i d l y  b ecau se  t h e  membrane 
i s  much more p e rm e a b le  th a n  when a l i v e  (havrson and  D a n i e l l i ,
1943
The p r t t e i n  w h ich  i s  r e l e a s e d  from  t h e  dye s t r e a m  
f o rw a r d  and  t a k e s  p a r t  i n  f i i r t h e r  a c o u m u la to ry  c y c l e s .  Why 
t h e  n e u t r a l  r e d  d o es  n o t  s t r e a m  fo rw a rd  w i t h  i t  i s  n o t  c l e a r .
I t  d o es  n o t  a p p e a r  t o  be t r a p p e d  i n  a  v a c u o le  a s  i n  p l a n t  c e l l s  
( v . i . ) ,  b u t when i n  h ig h  enough  c o n c e n t r a t i o n  c a u s e s  some l o c a l  
p r e c i p i t a t i o n  o f  p ro to p la s m ,  wLiioh can  be f e l t  a s  a  h a rd  lump 
w i t h  t h e  m i c r o - d i s s e c t i n g  n e e d l e .  Whoi t h e  c e l l  i s  i n  a  s o l u t i o n  
o f  much lo w e r  c o n c e n t r a t i o n ,  t h e  dye ( n o t  b e in g  c o n c e n t r a t e d  
enough  t o  ca u se  p r e c i p i t a t i o n )  d o es  s t r e a m  fo rw a rd  w i th  th e  
c y to p la s m  an d  e v e n t u a l l y  a p p e a r s  d i s t r i b u t e d  i n  w hat
8 2 .
h av e  b ee n  c a l l e d  • 'N e u tra l  Red v a c u o l e s ” . ( C a r r e l  and E b e l in g ,  
1926 ; H o p k in s ,  1 9 3 8 ) .
To t e s t  w h e th e r  th e  p r e c i p i t a t i n g  power o f  th e  dye 
was a  f a c t o r ,  v a r i o u s  o t h e r  d y es  were t r i e d .  W ith m e th y le n e  
b lu e  and  b r i l l i a n t  g r e e n ,  a much h i g h e r  p r o p o r t i o n  o f  th e  dye 
s t r e a m e d  fo rw a r d ,  th o u g h  i t  s t i l l  a c c u m u la te d  i n  t h e  t a i l .
The a d v a n c in g  p seudopod  was m a rk e d ly  c o lo u r e d ,  e s p e c i a l l y  w i th  
m e th y le n e  b l u e ,  and a  g r e a t e r  c o n c e n t r a t i o n  o f  i t  i n  th e  
e x t e r n a l  medium was r e q u i r e d  f o r  t h e  a c c u m u la t io n  i n  th e  t a i l  
t o  be a p p a r e n t  a t  a l l .  V a r io u s  o t h e r  c a t i o n i c  d y es  accumu­
l a t e d  i n  t h e  t a i l  a l s o  ( e . g .  p r o f l a v i n e  (2 :8- d ia m é n o a c r id in e )  
and c r y s t a l  v i o l e t )  th o u g h  th e y  w ere t o x i c  and te n d e d  t o  
p r e v e n t  s t r e a m in g ,  w hich  o f  c o u r s e  d id  n o t  a l lo w  th e  e f f e c t  t o  
d e v e lo p ,  e x c e p t  i n  a  r a t h e r  n a r ro w  c r i t i c a l  ra n g e  o f  co n c e n -  
t r a c t i o n .  A n io n ic  d y e s  su c h  a s  L is sa m in e  g r e e n ,  Rose B engal 
and  th e  common i n d i c a t o r s ,  e . g .  brom thym ol b lu e  d id  n o t  e n t e r  
t h e  c e l l  and  were n o t  t o x i c  i n  h ig h  c o n c e n t r a t i o n .
The b e h a v io u r  o f  amoebae i n  s o l u t i o n s  o f  v a r i o u s  
c o n c e n t r a t i o n s  o f  n e u t r a l  r e d  i n  C h a l k l e y 's  medium a t  
pH 6 .5  i s  g iv e n  i n  T ab le  5 .
8 3 .
TABLE 5
Cone.of dye,
0.02
Behaviour.
0.01
0.005
0.0025
0.0012
C ell “becomes rounded and red a l l  over, very 
l i t t l e  etreaîûing. After 15* dye i s  in  granules 
in  centre of c e l l .
Cell sta in s heavily  a l l  around periphery,very 
l i t t l e  streaming; a fter  15* tendency to b lis te r -  
membrane l i f t s  away from cytoplasm as with 
anaesthetics. When rescued at 30* and 
placed in  culture medium, c e l l  recovers, 
s ta r ts  streaming and the: red goes in to  t a i l .
At 15* heavily  stained around periphery, 
sporadically puts out c lear pseudopod, which 
becomes red a fter  . Streaming is  
sluggish .
At 14*, c e l l  very active , much accumulation 
in  t a i l .
At 5* -  c e l l  active  but no appreciable 
uptake.
At 17* -  a ctiv e , fa in t red t a i l s .
At 53* -  a ctiv e , each c e l l  has a 
conspicuous red blob in  t a i l .
3 hra -  deep red cry sta ls  in  the 
c e l l s .
24 hrs -  small red vacuoles and 
• deep red cry sta ls  d is ­
tributed throughout the 
cytoplasiïi. Red vacuoles 
often have a deep red 
crysta l in  the centre.
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The best concen tra tion  showing rap id  aooutaulation 
 ^ i s  th u s  Ü.Ü03 per oent. Above th is ,s tre am in g  i s  in n ib i te d .
In  n e u tra l  red th e  l a t e r i a l  pseudopodia were usually  suppressed 
and th e  o e l l  proceeded in  a monopodal manner {as in  i’ig .  28).
i t  is  in te r e s t in g  to  compare the amount of dye 
accumulating in  the  t a i l  during the  fo ld ing  up of a known 
area  of c e l l  membrane with the amount of dye th a t  i s  adsorbed 
by an equal a rea  of ovalbumin monolayer.
<<hen an amoeba of leng th  30Ü yiLand- diameter 60 m . 
has moved through 10 x i t s  own len g th , (tak ing  about 20 m ins.) , 
the amount of membrane fo lded  up i s
10 X 2 lT x  30 X 3 0 0 = - 6 X 10"® om®.
and the  ooncen tra tion  of dye in  the  t a i l  i s  about 1 to  10 per 
o en t, (es tim ated  by v isu a l ly  comparing the depth o f  colour 
with th a t  of te s t - tu b e s  of known concen tra tion  and tliiokness).
The ov a lb u m in  m o n o la y e r  a d s o r b s  a t  pH 7 from  a
1 . 8  X 10"® M s o l u t i o n  (0 .0 0 0 6  p e r  c e n t )  o f  n e u t r a l  r e d  0 ,3
e q u i v .  d y e /  e q u i v .  p r o t e i n ,  
i . e .  1000 g m o n o la y e r  a d s o r b s  60 g ûyo
6 X 10“® om  ^ monolayer adsorbs 36 x  10"^'“ g dye.
Volume o f  am oeba’ s t a i l  i s  a b o u t  1/20 v o l  o f  c e l l
■ 1 /2 0  X T7 X 30^ X 3 0 0 /0 ?
« 5 X 10"® 0.08
36 X 10"^®th e re fo re  concen tra tion  of n e u tra l  red  in  t a i l  i s  5 % 10“®
•  7 X 10“* ■ 0 , 0 ' H ,  i . e .  a 100 -  fo ld  enrichment.
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But t h e  o b se rv e d  amount i s  a b o u t  100 x a s  much a s  
t h i s .  I t  i s  l i k e l y  t h e r e f o r e  t h a t  some o f  th e  c o r t i c a l  g e l  
i s  p a r t i c i p a t i n g  a l s o .  S in c e  i t  can  be s e e n  s t a i n e d  a  f a i n t  
p in k  a l l  a lo n g  th e  c e l l ,  t h i s  i s  n o t  u n e x p e c te d .  The c a p a c i t y  
o f  t h e  c o r t i c a l  g e l  i s  10,000 x  t h a t  o f  th e  p la sm a membrane, 
s i n c e  t h e r e  i s  room f o r  a b o u t  10,000 p r o t e i n  m o n o lay ers  i n  a  
20 p e r  c e n t  p r o t e i n  g e l  10 p .  t h i c k .
Now th e  amount a c c m u l a t e d  i s  o n ly  100 t im e s  th e  
am ount t h a t  would be a c c o u n te d  f o r  by  t h e  p r o t e i n  i n  t h e  
membrane, assu m in g  i t s  a d s o r p t i v e  power i s  th e  same a s  t h a t  o f  
o v a lb u m in . T h is  s u g g e s t s  t h a t  t h e  c o r t i c a l  g e l  i s  p a r t i c i ­
p a t i n g  i n  t h e  a c c u m u la t io n  t o  t h e  e x t e n t  o f  a b o u t  1 p e r  c e n t  
o f  i t s  f u l l  a d s o r b in g  c a p a c i t y .  T h is  may be due t o  two 
c a u s e s .
a )  th e  t im e  i s  n o t  s u f f i c i e n t  f o r  e q u i l i b r iu m  -  o n ly  
two m in u te s  i s  a v a i l a b l e  a f t e r  t h e  g e l  i s  form ed b e f o r e  i t  
l i q u e f i e s  a g a in .
b ) o t h e r  s u b s t a n c e s  from  th e  medium a r e  co m p e tin g  f o r  
a d s o r p t i o n  e . g .  fo o d  and s a l t s  -  a l l  o f  w hich  a r e  c o n c e n t r a t e d  
by  t h e  a c o u m u la to ry  m echanism .
T h is  c a l c u l a t i o n ,  th o u g h  ro u g h , i s  adduced  t o  show 
t h e  f e a s i b i l i t y  o f  the  p r o t e i n - f o l d i n g  mechanism o f  accum ula­
t i o n  and t o  show t h a t  i t  i s  q u a n t i t a t i v e l y  a d e q u a te  t o  a c c o u n t  
f o r  ( a )  t h e  ainount o f  a c c u m u la t io n  t h a t  t a k e s  p l a c e ,  and (b )  
t h e  c o n c e n t r a t i o n s  t h a t  c a n  be d e a l t  w i th  i n  th e  e x t e r n a l  and
8 6 .
i n t e r n a l  m e d ia .
The a c c u m u la t io n  o f  n e u t r a l  r e d  I n  th e  t a i l  o f  • 
a c t i v e l y  s t r e a m in g  amoebae seems t o  have been  o v e r lo o k e d  by 
o t h e r  w o rk e r s .  T h is  i s  p r o b a b ly  b e c a u se  th e y  u sed  to o  low a  
c o n c e n t r a t i o n  o f  dye and o b se rv e d  a f t e r  a  much lo n g e r  t im e ,  
so  tViat o n ly  t h e  s e c o n d a ry  e f f e c t s  o f  th e  a c c u m u la t io n  were 
n o t i c e d  ( t h e  s o - c a l l e d  " N e u t r a l  Red v a c u o l e s ” and " N e u t r a l  Red 
g r a n u l e s "  -  w h ich  a p p e a r  to  be c o a c e r v a t i o n  o r  p r e c i p i t a t i o n  
e f f e c t s  i n  t h e  c y to p la s m  r e s u l t i n g  from  i t s  c h r o n ic  e x p o su re  
t o  low  c o n c e n t r a t i o n s  o f  n e u t r a l  r e d . ) .
F o r  exam ple . Koe h r in g  (1930) r e p o r t e d  t h a t  a  
1 :10, 000,000 s o l u t i o n  o f  n e u t r a l  r e d  s t a i n e d  th e  fo o d  v a c u o le s  
and g r a n u l e s  o f  amoebae a f t e r  24 h o u r s ,  b u t  o n ly  i n  l i f e .
The p r e s e n t  a u t h o r ' s  i n t e r p r e t a t i o n  o f  t h i s  i s  t h a t  
t h e  l i v i n g  a m o e b a 's  a c c u m u la to ry  mechanism i s  o p e r a t i n g  a s  i t  
d o es  i n  h i g h e r  c o n c e n t r a t i o n s  o f  n e u t r a l  r e d ,  b u t  t h e  co n cen ­
t r a t i o n s  i n  t h e  t a i l  i s  to o  low  t o  be v i s i b l e ;  and i t  i s  t a k e n  
up by  th e  g r a n u l e s  a s  f a s t  a s  i t  i s  a c c u m u la te d  ( a s  happens  
a l s o  a f t e r  s e v e r a l  h o u r s  o f  e x p o s u re  i n  th e  h i g h e r  c o n c e n t r a ­
t i o n s  u s e d  by t h e  authoi^.
Thus t h e  medium b a t h i n g  th e  g r a n u l e s  e t c .  a f t e r  a  few  
h o u r s  i s  much r i c h e r  i n  n e u t r a l  r e d  th a n  \àien  th e  a c o u m u la to ry  
m echanism  i s  I n a c t i v e  i n  d e a t h .  F o r  100 -  1000 t im e s  th e  
c o n c e n t r a t i o n  o f  1 : 10, 000,000 was fo u n d  n e c e s s a r y  i n  o r d e r  t o  
s t a i n  th e  g r a n u l e s  o f  dead amoebae a p p r e c i a b l y .  T h is  
e n r ic h m e n t  c o u ld  be r e a c h e d  i n  a  few  h o u r s  o f  s t r e a m in g .
Neot»>4 r e d  
y / VàMol"^
OB
Ofi
P i g Fig. 32,
F ig  30. Diagram o f  a  t^’p i c a l  r o o t  h a i r  show ing m anner 
o f  a c c u m u la t io n  o f  n e u j r a l  r e d ,
B'ig 31 • Graph show ing rh y th m ic  r e v e r s a l  o f  s t r e a m in g  
o f  cy to p lasm  i n  r o o t  h a i r ,  i n  te rm s  o f  d i s t tu i c e  o f  
v a c u o le  from end o f  c e l l *
F ig  32. I b i d , ,  i n  a n o t h e r  o e l l .
8 7 .
i s  c o n s i s t e n t  with, i n  v i t r o  adso}c*ption oxper i ­
ment s. ' . .  . Cvalbuaiin  i s  a b o u t  h a l f - s a t n i ’a t e d
■ w i th  n e u t r a l  r e d  when th e  dye c o n c e n t r a t i o n  i s  10~^
(0 .0 0 2  p e r  c e n t )  w horeas i n  a  1 :1 0 ,0 0 0 ^ 0 0 0  s o l u t i o n  t h e  p r o t e i n s  
a r e  o n ly  a b o u t  1 /2 0 0  s a t u r a t e d  w hich , i n  th e  t h i c k n e s s  o f  th e
euiioeba, g i v e s  a  d e p t h  o f  c o l o u r  to o  l i t t l e  t o  be d e t e c t e d  by 
t h e  e y e .  The o p t i c a l  d e n s i t y  would be o n ly  0 .0 0 3  x 10 1 /1 0
X 1/200 X 1/10 = .001.
O sm otic  work i n  o t h e r  c e l l s .
T u rn in g  now to  o t h e r  k in d s  o f  c e l l s  th e  q u e s t i o n  
a r i s e s  w h e th e r  p r o t e i n - f o l d i n g  i s  th e  b a s i s  o f  th e  a c o u m u la to ry  
m echanism s i n  them a l s o  and w h e th e r  a c c u m u la t io n  i s  c o r r e l a t e d  
w i th  c y to p la s m ic  s t r e a m in g  a s  i n  th e  amoeba.
The s t r e a m in g  i n  many p l a n t  c e l l s  and i n  some anim ed 
c e l l s  ( p r e f e r a b l y  o b s e rv e d  by t i m e - l a p s e  c in eE ia to g rap h y )  often  
o c c u r s  i n  many d i r e c t i o n s  a t  once and h a s  a  c o m p le x i ty  so  
b e w i l d e r in g  t h a t  i t  i s  d i f f i c u l t  t o  d i s c e r n  w hat i s  h a p p e n in g .  
F o r t u n a t e l y ,  t h e  s t r e a m in g  i n  th e  r o o t  h a i r s  o f  p l a n t s ,  w hich  
a r e  s i n g l e  e l o n g a t e d  c e l l s ,  h a s  a  s i m p l i c i t y  co m p arab le  w i th  
t i i a t  i n  t h e  amoeba. The h a i r  i s  much n a r ro v æ r  th a n  th e  ejnoeba 
( 2 0 /3k. o f .  6 0 / 0  b u t may be s e v e r a l  t im e s  a s  lo n g .  A t y p i c a l  
r o o t  h a i r  h a s  a  v a c u o le  n e a r  th e  t i p  w i th  a  n u c le u s  on th e  
p ro x im a l  s i d e  ( F i g . 30)#
The c y to p la sm  s t r e a m s  back  and f o r t h  o v e r  th e  v a c u o le ,  
r e v e r s i n g  b o d i l y  a b o u t  e v e ry  3 m in u te s .  T h is  r e v e r s a l  o c c u rs
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o v e r  t h e  w bole o f  t h e  s u r f a c e  o f  th e  v a c u o le ,  i . e .  t h e r e  i s  
n o t  i n  g e n e r a l  a  s t r e a m  g o in g  i n  t h e  o p p o s i t e  d i r e c t i o n  o v e r  
p a r t  o f  th e  s u r f a c e .  The d i s t a n c e  o f  t h e  v a c u o le  from  th e  
t i p  o f  t h e  c e l l  v a r i e s  r h y th r a i c a l l y  w i th  t im e ,  a s  shown i n  
F ig .  3 1 . The volum e o f  th e  v a c u o le  does  n o t  change d u r in g  
t h i s  rh y th m , a s  was p ro v e d  by m e asu r in g  s im u l ta n e o u s ly  t h e  
d i s t a n c e  from  th e  t i p  o f  th e  c e l l  t o  b o th  e n d s  o f  th e  v a c u o le ,  
by means o î  t h e  o | ) t i c a l  m ic ro m e te r .
T h is  was b e s t  done when th e  c e l l  was immersed i n  
n e u t r a l  n ed  s o l u t i o n  and a c t u a l l y  a c c u m u la t in g  th e  d y e ,  w hich  
w ent i n t o  t h e  v a c u o le  and i n c r e a s e d  th e  c o n t r a s t  be tw een  th e  
end o f  t h e  v a c u o le  and th e  c y to p la s m ,  t h e  l a t t e r  n o t  b e in g  
p e r c e p t i b l y  c o l o u r e d .  T h is  shows t h a t  th e  c y to p la sm  h a s  a  
t r u e  b o d i l y  m o tio n  o v e r  t h e  v a c u o le ,  and i n  t h i s  r e s p e c t  th e  
c e l l  r e s e m b le s  t h e  i n v e r s i o n  tu b e  i n  P a r t  A.
C y to p lasm  and v a c u o l a r  membrane move p r a c t i c a l l y  
t o g e t h e r  (E w a rt ,  1902) so  t h a t  v a c u o l a r  membrane f o m s  a t  one 
end o f  t h e  v a c u o le  and d i s s o l v e s  a t  t h e  o t h e r ,  where p re su m a b ly  
t h e  p r o t e i n  m o le c u le s  i n  i t  a r e  f o l d i n g  u p .
I t  was fo u n d  t h a t  t h e  dye  ac c u m u la te d  a t  t h e  end  o f  
th e  v a c u o le  to w a rd s  w hich  th e  c y to p la s m  was s t r e a m in g .  I t  
c o u ld  be  s e e n  a s  a  d i f f u s i n g  c lo u d ,  tu m b l in g  to w a rd s  t h e  c e n t r e  
o f  th e  v a c u o le  ( F i g . 30. )
Then, when th e  s t r e a m in g  r e v e r s e d ,  th e  dye accu m u la te d  
a t  t h e  o t h e r  en d . U s u a l ly ,  a f t e r  two o r  t h r e e  r e v e r s a l s  th e
■9
F i g .  33. P l a n t  r o o t  h a i r s ,  show ing t e r m i n a l  v a c u o le .
( a )  In  s u c r o s e  s o l u t i o n ,  (b )  H .P . ,  a c c u m u la t in g  n e u t r a l  
r e d .
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v a c u o le  h ad  su o h  a  h ig h  o ô n o e n t r a t i o n  o f  dye i n  i t  t h a t  
s t r e a m in g  c e a se d *
F ig*  33 shows p h o to g ra p h s  of r o o t  h a i r s  a c c u m u la t in g  
n e u t r a l  red*
H ere  a g a i n  i t  i s  p o s s i b l e  t o  c o r r e l a t e  t h e  dye 
a c c u m u la te d  w i th  t h e  a d s o r p t i o n  o f  n e u t r a l  re d  on p r o t e i n  
m o n o la y e rs  i n  v i t r o . The a r e a  o f  monola^^or p a s s in g  o v e r  t h e  
v a c u o le  was d e te r m in e d  by t h e  o p t i c a l  micrometer^, from  t h e  
ch a n g e  o f  volume o f  t h e  t e r m i n a l  cap  of c y to p la sm  (OA, F i g . 30) 
and  t h e  t h i c k n e s s  o f  th e  c y to p la s m  s t r e a m in g  o v er  t h e  v ac u o le*  
The c o n c e n t r a t i o n  o f  n e u t r a l  re d  was m easured  by com paring  
t h e  d e p t h  o f  c o l o u r  i n  t h e  v a c u o le  w i t h  n e u t r a l  r e d  s o l u t i o n s  
i n  t e s t  tu b e s *
C a l c u l a t i o n s
D ia m e te r  o f  v a c u o le  ® SOjtL, l e n g t h  50/ l*
T h ic k n e s s  o f  p ro to p la s m  p a s s in g  over v a c u o le  = 1 / 1  
Volume o f  v a c u o le  -  20 % 1 0 ~ ^ )^  x lT x  50 x  10*^ =
16 X 10"® ml
S u r f a c e ’ a r e a  in d u c e d  i n  20/ l cube o f  p r o to p la s m  a s
i t  s q u e e z e s  o v e r  v a c u o le  = (2 x 1 0 * ^ )^  x l / lO " ^ o m  . 
Maximum amount o f  dye t h a t  c a n  be a d s o rb e d  on t h i s  
a r e a  ( I m ^ s q * m e t r e )  i s  8x10“^ x 10 ^ x 10"^  = 8x10 g* 
So o o n c e n t r a t i o n  o f  dye i n  v a c u o le  w i l l  be
a f t e r  v a c u o le  h as  moved 2CJni i n  one d i r e c t i o n *
' _ - -  . , 9 0 .  .
i f  t h e  g e l  i n  t h e  1 p. t h i c k  l a y e r  o f  c y to p la s m  betw een  
th e  v a c u o le  an d  t h e  c e l l  w a l l  i s  in v o lv e d  a l s o  (an d , i n  c o n t r a s t  
t o  t h e  am oeba , t h i s  i s  l i k e l y  s i n c e  th e  dye m ust t r a v e r s e  t h e  
g e l  b e f o r e  i t  c a n  g e t  t o  t h e  membrane f o l d i n g  up) th e n  1000 
t im e s  t h i s  am ount co u ld  be a d s o r b e d ,  i . e .  t h e  c o n c e n t r a t i o n — 
a f t e r  one c y c l e  w ould be 500 g / l .  The a c t u a l  amount l i e s  c l o s e r  
t o  t h e  h i g h e r  f i g u r e  s i n c e  s o l i d  dye i s  e v e n t u a l l y  o b s e rv e d  
i n  t h e  v a c u o l e ,  a p p e a r in g  t o  fo rm  from a s u p e r s a t u r a t e d  s o l u t i o n , ,  
f o r  t h e  v a c u o l a r  l i q u i d  becomes l i g h t e r  when re d  c r y s t a l s  a p p e a r  
i n  i t .
I f  more a c c u r a t e  e x p e r i m e i t s  show a  g e n e r a l  a g re e m e n t 
b e tw een  c a l c u l a t e d  and  o b s e rv e d  c o n c e n t r a t i o n s ,  t h e n  t h e r e  
w ould  be no room f o r  any o t h e r  meclrianism o f  dye a c c u m u la t io n  
and p r o t e i n - f o l d i n g  would be t i i e  Dieohanism o f  o sm o tic  w ork. 
I n v e r s i o n  t u b e  a n a lo g y .
The i n v e r s i o n  tu b e  d e s c r ib e d  i n  P a r t  ca n  be s e t  up 
t o  be a  w o rk in g  m odel o f  t h e  a c c u m u la to r y  mechanism o f  r o o t -  
h a i r s  and  am oebae . I n  i t  dye c a n  be a d s o rb e d  on m ono layer  o f  
r e v e r s i b l ÿ  d e n a t u r a b l e  p r o t e i n ,  s o  t h a t  when t h e  p r o t e i n  f o l d s  
up and  goes  i n t o  s o l u t i o n  tr ie  dye i s  a d s o rb e d  and r e l e a s e d  
i n t o  t h e  s o l u t i o n  from  th e  t r a i l i n g  edge o f  t h e  a i r - b u b b l e .
T h is  was a c h ie v e d  by u s i n g  a  0 .1  p e r  c e n t  s o l u t i o n  o f  serum  
a lb u m in  and  a  0 .0 0 1  p e r  c e n t  s o l u t i o n  o f  c r y s t a l  v i o l e t  i n  
t h e  t u b e .  On e a c h  i n v e r s i o n  a  s h o r t  f i b r e  o f  c o l l a p s e d  p r o t e i n  
m o n o la y e r  form ed a t  t h e  t r a i l i n g  end o f  t h e  b u b b le ,  and  was 
h e a v i l y  s t a i n e d  w i t h  d y e .  The f i b r e  grew t o  a  l e n g t h  o f  
o n ly  4 —5 mm. b e f o r e  d i s s o l v i n g  ( i n  c o n t r a s t  t o  o v a lb u m in , w h ich
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i s  I r r e v e r s i b l e  d e n a t u r a b l e  end  grow s 15 cnis. lo n g )  and  a n  
i n t e n s e l y  c o l o u r e d  s t r e a m e r  o f  c r y s t a l  v i o l e t  was r e l e a s e d  
i n t o  t h e  s o l u t i o n ,  arjd became d i s t r i b u t e d  by  c o n v e c t i o n  
th r o u g h o u t  t h e  s o l u t i o n  a g a i n ,  l i ie  p r o c e s s  c o u ld  be r e p e a t e d  
i n d e f i n i t e l y .
T h u s ,  i n  i n v e r s i o n  t u b e ,  a a o e b a  and  r o o t  h a i r ,  c o n c e n t r a t e d  
dye  i s  r e l e a s e d  f ro m  t h e  t r a i l i n g  edge  o f  t h e  a i r  b u b b le ,  p la sm a  
membrane and. v a c u o le  r e s p e c t i v e l y ,  and  t h e  d e g r e e  o f  c o n c e n t r a ­
t i o n  o v e r  t h a t  i n  t h e  b u l k  o f  t h e  s o l u t i o n  i s  a b o u t  t h e  some 
i n  e a c h ,  i . e .  e v e n  s o l i d  p a r t i c l e s  o f  c o n c e n t r a t e  c a n  b e  
o b t a i n e d  f r a n  a  s u r r o u n d i n g  medium c o n ta in in ^ ^  s a y  1 :1 0 0 ,0 0 0 .
The d e p t h  o f  c o l o u r  o f  g r a n u l e s  a p p e a r in g  i n  am oeba and  r o o t  
h a i r s  was found  t o  be a s  g r e a t  a s  t h a t  o f  s o l i d  p a r t i c l e s  o f  
n e u t r a l  r e d  o f  t h e  same d i m e n s i o n s .  L ik e w is e ,  t h e  c o n c e n t r a t i o n  
e f f e c t e d  b y  th e  i n v e r s i o n  tu b e  i s  v e r y  g r e a t .  W ith  s u r f a c e -  
a c t i v e  d y e s  ( i n  t h e  a b s e n c e  o f  p r o t e i n ,  w h ich  a d s c r b s  n o n ­
s u r f a c e  a c t i v e  s u b s t a n c e s  a l s o )  s u c h  a s  b r i l l i a n t  g r e e n ,  
s o l i d  p a r t i c l e s  o f  d y e  w ere  f o m e d  a t  t h e  t r a i l i n g  edge  o f  
t h e  b a b b l e ,  and  w hen t^he b u b b le  h a s  s to p p e d ,  c o u ld  b e  s e e n  
dax^ting  o v e r  t h e  w a t e r  s u r f a c e  l i k e  cam phor, l e a v i n g  a  
c o l o u r e d  t r a i l  b e h i n d ,  u n t i l  t h e y  w ere  d i s s o l v e d  c o m p l e t e l y .
There i s  no  l i m i t  t o  t h e  d e g r e e  o f  c o n c e n t r a t i o n  a t t a i n a b l e  
e x c e p t  t h e  f i n a l  volum e i n  w h ic h  th ,  c o l l a p s e d  m o n o la y e rs  
a r e  d i s s o l v e d .  I n  t h e  r o o t  h a i r  t h i s  i s  a  s m a l l  v a c u o l e ,  
a b o u t  20 ja  i n  d i a m e t e r ,  an d  c o n c e n t r a t i o n s  n e a r  s a t u r a t i o n  
a r e  r e a c h e d  i n  a  few  m in u te s  i n  a n  a c t i v e  c e l l .  I t  i s  s u r p r i s i n g
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t h a t  t h e  c e l l  c o n t i n u e s  t o  f u n c t i o n  u n t i l  th e  v a c u o l a r  
c o n c e n t r a t i o n  i s  a s  h ig h  a s  t h i s .  T h is  i s  p r o b a b ly  b e c a u s e  
t h e  c y to p la s m  i t s e l f  r e m a in s  f r e e  o f  t h e  dye  w h ic h  i s  im p r is o n e d  
i n  th e  v a c u o le  w hose membrane i s  r e l a t i v e l y  im perm eab le  t o  i t .
I n  f a c t ,  i t  o n ly  a p p e a r s  t o  be p e rm e a b le  w here t h e  v a c u o l a r  
membrane i s  f o l d i n g  u p ,  w h ic h  m ig h t  be  e x p e c te d  t o  c a u se  some 
d i s o r g a n i s a t i o n  i n  any  b a r r i e r  i n  i t .  F o r  i f  t h e  v a c u o l a r  
membrane w ere  n o t  im p e rm e ab le ,  th e  d y e  w h ich  h ad  a l r e a d y  b e e n  
a c c u m u la te d  i n  t h e  v a c u o le  w ould  b e  t a k e n  up  when th e  
s t r e a m in g  r e v e r s e d  and  a c c u m u la te d  a t  t h e  o t h e r  end o f  the 
v a c u o l e .  T h is  i s  n o t  s o ,  and  th e  membrane t a k e s  up  th e  d y e  
from  th e  c y to p la s m  i n s t e a d ,  w h ich  h a s  a  much lo w e r  c o n c e n t r a t io x j i  
t o o  l i t t l e  t o  d e t e c t  by  e y e .
w ou ld
But t h e  a c c u m u la t io n  o f  d y e / t e n d r  t o  d r i v e  t h e  f o l d i n g -  
u n f o ld in g  c y c l e  I n  t h e  o p p o s i t e  d i r e c t i o n  ( f o r  t h e  a d s o r p t i o n  
o f  d y e  t e n d s  t o  f o l d  th e  p r o t e i n  m o le c u le ,  and  t h e  p r o t e i n  
m o le c u le  w ould r e f o l d  w i t h  d i f f i c u l t y  i n  a  s t r o n g  dye s o l u t i o n .
I t  was in d e e d  found  t h a t  s t r e a m in g  c e a s e d  a f t e r  a b o y t  15 m in u te s  
i n  0 .0 0 5  p e r  c e n t  n e u t r a l  r e d ,  by  w h ich  t im e  t h e  v a c u o le  was so  
d e n s e  t h a t  i t  was d i f f i c u l t  t o  s e e  th e  o p p o s i t e  s i d e  o f  th e  
c e l l  th r o u g h  i t .  ( F i g .  ®S)
O sm otic  w ork  i n  È ietazoon  c e l l s
F i b r o b l a s t s  o f  c h i c k  and r a t  move i n  t i s s u e  c u l t u r e  l i k e  
am oebae , w i t h  a  w e l l - d e f i n e d  and p e r s i s t e n t  t a i l  and  l a t e r a l  
p se u d o p o d ia  ( F i g .  54a)
The p se u d o p o d ia  a r e  o f t e n  e x t r e m e ly  th in »  s u g g e s t in g  t h a t
"  IcC te /T s l  p S -ex c  d o p c x f
(OLj F t^ fc> no bl 2^ f
Fa
cl>J Fibroblasts rKulah^l^
Cecils (3ccu^»%-ul &
KVe^ ut" %r^  r ^ x l
p , 4
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t h e  c o r t i c a l  g e l  i s  much t h i n n e r ,  r e l a t i v e  t o  th e  c e l l ’ s 
w id th  t h a n  i n  t h e  am oeba, w h ich  i s  a l s o  s u g g e s te d  by  c inem a- 
o g r a p h ic  o b s e r v a t i o n  o f  s t r e a m in g  i n  th e  c e l l s ,
i ip eeded -up  c in e m a to g ra p h y  o f  t h e s e  c e l l s  ( e . g .  t h e  f i lm s  
o f  C a n t i  ( 1 9 2 1 ) ,  P om era t ( 1 9 4 9 ) ,  Hughes (1949) and Waymouth 
(1 9 5 0 )  ) show t h a t  t h e  c o n t r a c t i o n s  i n  t h e  c y to p la s m  a r e  n o t  
c o n f in e d  t o  t h e  t a i l  r e g i o n  and r e t r a c t i n g  p se u d o p o d ia  b u t  e x i s t  
i n  t h e  b u l k  o f  th e  c e l l  a l s o .  I t  i s  a s  i f  t h e  v a r i o u s  
c o n t r a c t i l e  e le m e n ts  i n  t h e  c e l l  have  g a in e d  a  m e asu re  o f  
in d e p e n d e n c e  -  a  f i b r o b l a s t  i s  l i k e  a n  amoeba i n  w h ich  th e  
c o n t r a c t i l e  e le m e n ts  h a v e  b e e n  " l i b e r a t e d ” from  th e  c o r t i c a l  
g e l  and  n o t  a l l  f o r c e d  t o  c o n t r a c t  a t  once i n  a  g iv e n  r e g i o n .  
T h is  d i s s i s c i a t i o n  o f  c e l l u l a r  movement a s  a  w ho le  from  
c h e m ic a l  a c t i v i t y  m ig h t  be a n  a d v a n ta g e  f o r  a c e l l  w h ish  i s  
n o rm a l ly  s t a t i o n a r y  i n  t i s s u e .  Movement i n  t h e  amoeba may 
b e  a  b y e - p r o d u c t  o f  t h e  c h e m ic a l  a c t i v i t y  o f  t h e  f o l d a b l e  
p r o t e i n s ,  a s  h e a t  i s  a  b y e - p r o d u c t  i n  a l l  c e l l s .
I t  w ould  be e x p e c te d  t h a t  e a c h  c o n t r a c t i l e  e lem e n t i n  
t h e  c e l l  would a c t  a s  a n  in d e p e n d e n t  a c c u m u la to r y  m echanism .
I n  s u p p o r t  o f  t h i s  i t  was found  t h a t  f i b r o b l a s t s  i n  n e u t r a l  
r e d  s o l u t i o n  i n  a b o u t  h a l f  a n  h o u r  a c c u m u la te d  t h e  dye  i n  
t h r e e  o r  f o u r  d i f f u s e  c lo u d s  a t  v a r i o u s  p a r t s  o f  t h e  c e l l .
( F i g ,  3 4 ( b ) )
I n  g e n e r a l  t h e  m a jo r  s i t e  o f  a c c u m u la t io n  was n o t  t h e  
t a i l ,  a l t h o u g h  i n  a  few c a s e s  a c c u m u la t io n  i n  t h e  t a i l  was 
o b s e rv e d .  T h is  i s  p r o b a b ly  b e c a u se  t h e  amount o f  c y to p la s m ic
u .
s t r e a m i n g  c o n t r i b u t i n g  t o  t h e  am oeboid  m o tio n  i s  s m a l l  
com pared  w i t h  t h e  t o t a l  i n  t h e  c e l l .
^ to c u m u la t io n  was p a r t i c u l a r l y  c o n s p i c io u s  a s  a  cap  on 
a  r a p i d l y - g r o w i n g  o i l  d ro p  i n  Kous sa rcom a c e l l s  u n d e rg o in g  
f a t t y  d e g e n e r a t i o n  ( d ro p s  grow t o  w id th  o f  c e l l  i n  a . f e w 'h o u r s ) ,  
s u g g e s t i n g  t h a t  p e rh a p s  t h e  o i l  i s  shed  from  a f i b r o u s  l i p o -  ' 
p r o t e i n  m o le c u le  a s  i t  f o l d s  u p .
^ in o th e r  f r e q u e n t  s i t e  o f  a c c u m u la t io n  was a s  a  cap on 
one s i d e  o f  t h e  n u c l e u s .  I h i s  was e s p e c i a l l y  m arked i n  s n a i l  
em b ry o n ic  c e l l s  (100 -  c e l l  em bryo) s u sp e n d e d  i n  R in g e r  
(FMg. (54 ( o ) ) .
T i s s u e  c e l l s  o f  t h e  r a t  f r e s h l y  s u sp e n d e d  i n  R in g e r  
beh av ed  s i m i l a r l y ,  ^ s  w i t h  am oeba, i t  was n o t i c e a b l e  t h a t  
d ea d  c e l l s  t o o k  up t h e  dye i n s t a n t l y ,  w h e re a s  l i v i n g  c e l l s  
s t i l l  h ad  l a r g e  c l e a r  r e g i o n s  a f t e r  h a l f  an  h o u r .
A f t e r  a  few h o u r s  t o  a  d a y ,  t h e  c o n c e n t r a t e d  p a t c h e s  
o f  n e u t r a l  r e d  o f t e n  in d u c e d  a  v a c u o l i s a t i o n  o f  t h e  c y to p la s m  and  
th e  dye a p p e a re d  i n  t h e  v a c u o le s  and  n o t  i n  t h e  c y to p la s m .
T h is  s e c o n d a ry  c liange , a f t e r  t h e  p r im a ry  r a p i d  a c c u m u la t io n  
a s  a  d i f f u s e  c l o u d ,  h a s  been  n o te d  by o t h e r  w o r k e r s ,  e . g .
C a r r e l  and h b e l i n g ,  (19 26) who u sed  much more d i l u t e  dye 
s o l u t i o n s ,  o f  t h e  o r d e r  o f  1 :1 ,0 0 0 ,0 0 0  and o b se rv e d  a f t e r  £4 
h o u r s .
The r a p i d  a c c u m u la t io n  o f  dye i n  t h e  d i f f u s e  p a t c h e s ,  
w h ich  i s  a  c o n s p ic u o u s  and  i n t e r e s t i n g  f e a t u r e  b o th  i n  amoebae 
and o t h e r  c e l l s ,  seems t o  have  e s c a p e d  a t t e n t i o n .  One o r  tw o
jg- A- .»*, ^
6 .
F i g .  35» N e u ro s p o ra ,  a f t e r  5 ‘-’ t o  10 m in u te s  i n  
n e u t r a l  r e d  s o l u t i o n ,  show ing  a c c u m u la t io n  o f  
dye  a t  end o f  c e l l s ,  l b )  snows two c e l l s  
a t  h i g h e r  m a g n i f i c a t i o n .
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passing r e f e r e n c e s  t o  I t  a r e  made, t h e  a u t h o r s  b r i e f l y   ^
d i s m i s s i n g  th e  phenomen b y  s a y in g  " t h e  dye d i f f u s e d  u n e v e n ly "  
a s  i f  t h e  e x p e r im e n t  was a  f a i l u r e *  But u n ev en  d i f f u s i o n  c o u ld  
n o t  e x p l a i n  th e  e x i s t e n c e  o f  r e g io n s  o f  h ig h  c o n c e n t r a t i o n  
c o m p le t e ly  s u r ro u n d e d  b y  r e g i o n s  o f  low c o n c e n t r a t i o n *
FunAi
The mould N e u ro s p o ra ,  w h ic h  h a s  s e p t a t e  h y p h a e ,  was found  
t o  t a k e  up  th e  d y e  a t  t h e  end  o f  e a c h  c e l l ,  a s  i n  amoebae 
(F ig *  35 )* The dye  f i r s t  a p p e a re d  a t  t h e  se p tu m , and
g r a d u a i l y  s p r e a d  to w a rd s  t h e  c e n t r e  o f  t h e  c e l l .
I n  æiie o f  th e  c e l l s  t h e r e  w ere  v a c u o le s  a l r e a d y ,  and  i n  
t h e s e  c a s e s  t h e  d y e  w ent s t r a i g h t  i n t o  th e  v a c u o le s *  K e u ro sp o ra  
t h e r e f o r e ,  i n  i t s  a c c u m u la to r y  m echan ism , o c c u p ie s  a  p o s i t i o n  
i n t e r m e d i a t e  b e tw e e n  th e  amoeba and t h e  p l a n t  r o o t  h a i r  c e l s .  
G e n e ra l  D i s c u s s i o n  on  O sm otic  W crk.
L e t  u s  c o n s i d e r  th e  a d s o r p t i o n  *• d e s o r p t i o n  m echanism  
o f  o s m o t ic  w ork m ore c l o s e l y *  V'iliat d e t e r m in e s  w h e th e r  a d s o rb e d  
m o le c u le s  w i l l  b e  d e s o rb e d  b y  th e  p u r e l y  m e c h a n ic a l  e f f e c t  o f  
f o l d i n g  up  th e  p o l y p e p t i d e  c h a in ?  T hat t h e y  c a n  d e s o rb e d  i n  
t h i s  m an n er  i s  shown by th e  in v e r# o n  tu b e  e x p e r im e n t  d e s c r i b e d  
a b o v e .
I n  many p r o t e i n s  ( e . g .  k e r a t i n ,  m yosin , egg a lb u m in )  th e
number o f  b a t l c  s i d e c h a i n s  i s  a p p r o x im a te ly  e q u a l  t o  t h e
number o f  a c i d  s i d e ^ c h a i n s  ( Speakman and  H i r s t ,  1 9 3 3 ) .  At th e  
p h y s i o l o g i c a l  pH t h e s e  a r e  a lm o s t  e n t i r e l y  i o n i s e d  and  some
form  s a l t  l i n k s  w ic h  h e l p  t o  h o ld  t h e  p o ly p e p t id e  c h a in s  i n  a 
d e f i n i t e  f o ld e d  c o n f i g u r a t i o n .  When t h e  m o le c u le  i s  u n f o ld e d
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t h e  s a l t  l i n k s  a r e  p u l l e d  a p a r t  and a n  e q u a l  number o f  s i t e s  
becom e a v a i l a b l e  f o r  t h e  a d s o r p t i o n  o f  p o s i t i v e  and n e g a t i v e  
i o n s .  P o ta s s iu m  i o n s ,  o r  n e u t r a l  r e d  c a t i o n s ,  f o r  ex am p le , 
w i l l  be a d s o rb e d  from  th e  s u r r o u n d in g  medium on t o  t h e  
n e g a t i v e l y  c h a rg e d  c a r b o x y l  g r o u p s .  When th e  p r o t e i n  m o le c u le  
i s  t e n d i n g  t o  r e f o l d ,  t h e r e  w i l l  be c o m p e t i t i o n  f o r  a d s o r p t i o n  
on th e  c a r b o x y l  g ro u p  b e tw e e n  t h e  a d s o rb e d  c a t i o n  and  th e  
p o s i t i v e l y - c h a r g e d  s i d e  c h a in s  o f  th e  p r o t e i n s .  S in c e  t h e  
l a t t e r  a r e  p r e s e n t  i n  v e r y  h i g h  e f f e c t i v e  c o n c e n t r a t i o n ,  and  
s p e c i a l l y  when t h e  p r o t e i n  i s  n e a r l y  r e f o l d e d ,  i n  t h e  n e ig h ­
b o u rh o o d  o f  th e  c a r b o x y l  g ro u p  o f  t h e  s a l t  l i n k  t o  w h ich  th e y  
w ere  f o r m e r l y  a t t a c h e d ,  c o m p e t i t i o n  b e g in s  t o  f a v o u r  th e  s i d e -  
c h a in  and  th e  a d s o rb e d  c a t i o n  i s  d i s p l a c e d .
The d e s o r p t i o n  o f  a  m o n o la y e r  by  r e d u c t i o n  o f  t h e  a r e a  
on w h ich  i t  i s  a d s o rb e d  c a n  b e  w e l l  d e m o n s t r a te d  a t  t h e  o i l -  
w a t e r  i n t e r f a c e .  I f  a  d i l u t e  ( a b o u t  2 0 m g /l)  aq u eo u s  s o l u t i o n  
o f  a  s u r f a c e  a c t i v e  d y e ,  su c h  a s  L is s a m in e  G reen  ( a  s u lp h o n a te d  
t r i p h e n y l m e t h a n e  d y e )  i s  sh a k e n  w i t h  s h o u t  h a l f  i t s  volum e 
o f  c h lo r o f o r m  ( i n  w h ich  t h e  d y e  i s  i n s o l u a b l e )  th e  e m u ls io n  
o f  c h lo r o f o r m  i n  w a t e r  so  f o m e d  s e t t l e s  i n  a  few m in u t e s .
*
E ach  d r o p  o f  c h lo r o f o r m  h as  a n  a d s o rb e d  m o n o lay e r  o f  dye on i t  
and  t h e  c o l o u r  i s  c a r r i e d  down by  th e  c h lo ro f o rm  a s  i t  s e t t l e s ,  
l e a v i n g  t h e  aq u eo u s  p h ase  p r a c t i c a l l y  c o l o u r l e s s .
C a l c u l a t i o n  shows t h a t  a n  a r e a  p ro d u ced  b y  c o n v e r t i n g  a l l  t h e  
c h l o r f o m  t o  l / l O  mm d r o p s  i s  s u f f i c i e n t  t o  a d s o rb  a l l  t h e  
d y e  a s  a  m ono layer#
97.
t h e  d ro p a  o f  c h lo ro f o rm  c o a l e s c e ,  th e  t o t a l  s u r f a c e  
a r e a  on w h ic h  t h e  dye i s  a d a o rb e d  i s  d e c r e a s e d ,  and th e  dye  
i s  sq u e e z e d  o f f  t h e  s u r f a c e  back  i n t o  t h e  w a te r .  Thus be tw een  
th e  c h lo ro fo rm  and  th e  c l e a r  w a te r  t h e r e  a p p e a r s  a  v e ry  t h i n  
l a y e r ,  a b o u t  l / l O  -  1 /2  mrn t h i c k ,  o f  h i g h l y  c o n c e n t r a t e d  
aq u e o u s  dye s o l u t i o n ;  i t s  c o n c e n t r a t i o n ,  m easu red  c o l o r i m e t r i c a l l ;  
a f t e r  r u n n in g  i t  o u t  o f  a  s e p a r a t i n g  f u n n e l ,  was betw een 100 «nd 
.1000 t im e s  t h a t  of th e  c l e a r e r  s o l u t i o n  above i t ,  d e p e n d in g  on 
t h e  amount o f  c o n v e c t i o n  d u r in g  t h e  s e p a r a t i o n .  The dye was 
q u i t e  f r e e  i n  s o l u t i o n  and c o u ld  be s t i r r e d  back i n t o  t h e  
aq u eo u s  l a y e r  so  a s  t o  b r i n g  tbjs sy s te m  back to  i t s  o r i g i n a l  
u n sh a k en  c o n d i t i o n .
The c y c l e  c o u ld  be r e p e a t e d  i n d e f i n i t e l y .  The a u t h o r  
h a s  had  f o r  f o u r  y e a r s  a  s e a l e d  d e m o n s t r a t i o n  tu b e  w h ich  has  
been  t a k e n  th r o u g h  t h e  c y c l e  h u n d re d s  o f  t i m e s .  A c c u m u la t io n  
o f  t h e  dye c o u ld  be p r e s e n t e d  by a  t r a c e  o f  d e t e r g e n t  o f  th e  
same c h a r g e .  V a r io u s  d y es  w h ich  w ere  n o t  s u r f a c e  a c t i v e  and 
n o t  c o n c e n t r a t e d  i n  t h i s  sy s te m  ( e . g .  b ro m o re sy l  g r e e n )  c o u ld  
be made t o  do so  by th e  a d d i t i o n  o f  a t r u c e  o f  o p p o s i t e l y - e h a r g e d  
d e t e r g e n t  ( e . g .  o e t y l p y r i d i n i u m  b ro m id e)  w h ich  a p p a r e n t l y  made 
a  s u r f a c e - a c t i v e  s a l t . The meohaniam i s  t h u s  a d a p ta b l e  and 
v e r s a t i l e  an d  co u ld  c o n c e n t r a t e  e . g .  p o ta s s iu m  i o n s .
Thus i t  i s  no l o n g e r  n e c e s s a r y  t o  im ag in e  t h a t  some 
s u b s t a n c e s  d i f f u s e  i n t o  a  c e l l  a g a i n s t  a  c o n c e n t r a t i o n  
g r a d i e n t .  They w ould  d i f f u s e  i n t o  a r e g i o n  o f  lo w e r  
c o n c e n t r a t i o n  i n  t h e  c e l l  b e c a u s e  i t  had  b een  lo w e re d  by
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a d s o r p t i o n  ( e x c e p t  I n  th o s e  r e g i o n s  w h ere  th e  s u b s t a n c e  h a s  
b e m d e s o r b e d ,  su c h  a s  v a c u o l e s ,  w here  i t  i s  i s o l a t e d  from  t h e  
r e s t  o f  t h e  c e l l ) .
I f  th e  d i s p l a c e d  io n s  a r e  shed  i n t o  a v a c u o le ,  th e  
v a c u o l a r  membrane w i l l  t o  a l a r g e  e x t e n t  p r e v e n t  t h e  a c c u m u la te d  
p r o d u c t  from  t a k i n g  f u r t h e r  p a r t  i n  t h e  a c c u m u la to ry  c y c l e .
T hat p e n e t r a t i o n  o f  th e  v a c u o l a r  membrane o c c u rs  d u r in g  
a c c u m u la t io n  i s  a n  e x p e r i m e n ta l  f a c t .  The v a c u o le  i s  t h e  f i r s t  
s i t e  o f  a c c u m u la t i o n  o f  f r e e  io n s  ( G u i l l i e r m o n d ,  1 9 4 1 ) .  How 
t h i s  e n t r y  o c c u r s ,  m a in ly  i n  one d i r e c t i o n ,  i s  unknown, b u t  
i f  t h e  a c c u m u la to ry  p r o t e i n  i p ,  a t  one s t a g e  o f  t h e  c y c l e ,  a 
p a r t  o f  t h e  v a c u o l a r  membrane (w h ic h  i s  p r o b a b ly  l i p o - p r o t e i n  
i n  n a t u r e )  p e n e t r a t i o n  w ould  n a t u r a l l y  o c c u r  a lo n g  w i th  t h e  
p r o t e i n .
The p lasm a membrane o f  th e  ameoba d i s s o l v e s  c o n t i n u a l l y  i n t o  
t h e  c y to p la s m  a t  t h e  t a i l .  I n  t h i s  way a d s o rb e d  m o le c u le s  t o  
w hich  th e  membrane I s  im p erm eab le  ( s u c h  a s  g lu c o s e )  c o u ld  be  
ta k e n  i n t o  th e  c e l l  th r o u g h  a membrane n o r m a l ly  im perm eab le  to  
them . The q u e s t i o n  a r i s e s ,  i s  a n  a d s o rb e d  m o n o la y e r  o f  g l u c o s e ,  
ï^otassium  io n  o r  any  o t h e r  s u b s t a n c e  a  s i g n i f i c a n t  c o n t r i b u t i o n  
t o \ h e  amont i n  t h e  c e l l ?
îhe p r o t e i n  i n  a c e l l  t h e  s i z e  o f  A. p r o t e u s  o r  A .d i s c o id e s  
i s  s u f f i c i e n t  t o  form  o n ly  a b o u t  1 0 ,0 0 0  p lasm a m em branes. An 
amoeba renew ing  i t s  membrane e v e ry  two m in u te s ,  w ou ld , i n  th e  
p e r i o d  from  one m i t o s i s  t o  t h e  n e x t  ( a b o u t  two d a y s )  ex p o se  an  
a r e a  e q u a l  t o  a b o u t  1500 t im e s  i t s  own s u r f a c e  a r e a .  I t  c o u ld
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t h u s  a d s o rb  a n  amount c o m p arab le  w i th  t h a t  a d s o r b a b le  by th e
w ho le  o f  t h e  p r o t e i n  i n  th e  c e l l ,  an  amount w h ich  i f  f r e e ,
c o u ld  have  a  c o n c e n t r a t i o n  i n  t h e  c e l l  o f  up t o  15 p e r  c e n t .
L e t  us  c o n s i d e r  t o  w hat e x t e n t  th e  o sm o tic  work m echanism
p o s t u l a t e d  i s  c o n s i s t e n t  w i th  t h e  a v a i l a b l e  d a t a  on a c c u m u la to ry
m echanism s i n  l i v i n g  c e l l s .
I n  g e n e r a l  i t  a p p e a r s  t h a t  s u b s t a n c e s  b e in g  a c c u m u la te d
a r e  f i r s t  t a k e n  up by t h e  p r o to p la s m  and l a t e r  shed  i n t o  a
d e p o t  su c h  a s  a v a c u o l e .  F o r  ex a m p le . Brooks (1939) found  i n
V a lo n ia  t h a t  t h e  p r o to p la s m  to o k  up  ru b id iu m  io n s  from  th e
s u r r o u n d in g  medium, becom ing e v e n t u a l l y  39 t im e s  r i c h e r  th a n
t h e  s u r r o u n d in g  medium, t h e n  r u â id iu a i  p a s se d  i n t o  th e  c e l l
s a p  and  i n t o  th e  e x t e r n a l  medium, so  t h a t  t h e  a c c u m u la t io n
r a t i o  f o r  th e  p r o to p la s m  f e l l  r a p i d l y .  B im i la r  r e s u l t s  w ere
found  when th e  p r o c e s s  was fo l lo w e d  by r a d i o a c t i v e  p o ta s s iu m .
T his i s  j u s t  w h a t one w ould e x p e c t  i f  t h e  p r o t e i n  m o le c u le s
w h ich  had  a d s o rb e d  th e  io n s  s u d d e n ly  f o ld e d  up and shed  them .
 ^ I t  i s  t o  be n o te d  t h a t  p o ta s s iu r a ,  th o u g h  n o t  u s u a l l y  r e g a r d e d
a s  a  s t r o n g l y - a d s o r b e d  i o n ,  i s  n e v e r t h e l e s s  no e x c e p t i o n  t o
th e  f a c t  t h a t  a l l  io n s  a r e  a d s o rb e d  t o  some e x t e n t  on a l l
s u r f a c e s ,  d e p e n d in g  on t h e  r e l a t i v e  c h a n g e s ,  p o l a r i s a b i l i t y ,
, ( 1947) h a s
v a n  d e r  Wa#ls a t t r a c t i o n s  e t c .  a z e n t-O y o rg j i  ^
r e p o r t e d  a c o n s i d e r a b l e  a d s o r p t i o n  o f  p o ta s s iu m  io n s  by
m yosin : from  h a l f  t o  s e v e n  e q u i v a l e n t s  o f  p o ta s s iu m  io n  p e r
1 0 0
e q u i v a l e n t  o f  m yosin  ( 1 7 ,6 0 0 g ) ,  w i t h i n  t h e  ra n g e  0 .0 1  -  O.IM 
KCl an d  pH 6 . 5 - 7 . 5  •
O a i l l i e r m o n d  (1 9 4 1 )  h a s  shown t h a t  many d y e s ,  s u c h  as  
m e th y le n e  b l u e ,  j a n u s  g r e e n  and  n e u t r a l  r e d  p e n e t r a t e  th e  
c e l l s  o f  v a r i o u s  p l a n t s  and " s t a i n "  and v a c u o l e s .  Tkiis i s  
e s s e n t i a l l y  a  v i t a l  phenomenon, p o s s i b l y  o n ly  d u r in g  th e  
l i f e  o f  th e  p l a n t . H igh c o n c e n t r a t i o n s  o f  dye  may c a u s e  
t h e  d e a t h  o f  th e  c e l l .  At t h i s  s t a g e  th e  v a c u o le  su d d en ly , 
becom es c o l o u r l e s s ,  an d  t h e  e n t i r e  c y to p la s m  ta k e s  on th e  
c o l o u r  o f  t h e  d y e .  T h is  s u g g e s t s  t h a t  a t  d e a t h  th e  p r o t e i n s  
s u d d e n ly  become " d e n a tu r e d "  i . e .  u n f o ld  and  so  t a k e  up th e  
d y e .
y e a s t  c e l l s  i n  a  0 .0 0 5  p e r  c e n t  s o l u t i o n  o f  n e u t r a l  ited 
a c c u m u la te d  t h e  dye i n  t h e i r  v a c u o l e s ,  t h e  c o n c e n t r a t i o n  i n  th e  
e x t e r n a l  medium f a l l i n g  i n  h a l f  a n  h o u r  t o  0 ,0 0 1 5  p e r  c e n t  
( G u i l l i e r m o n d ,  1 9 4 1 ) .  A f t e r  a n o t h e r  h a l f  a n  h o u r  th e  v a c u o le s  
b e g a n  t o  l o s e  t h e i r  d ye  and th e  c o n c e n t r a t i o n  i n  th e  medium 
r o s e  u n t i l  a t  th e  end o f  an  h o u r  a l l  t h e  c e l l s  w ere d e s t a i n e d  
and  th e  c o n c e n t r a t i o n  i n  th e  medium had  r i s e n  a lm o s t  t o  i t s  
o r i g i n a l  v a l u e ;  th e  y e a p t ,  a f t e r  a c c u m u la t in g  t h e  dye  i n  i t s  
v a c u o l e s ,  e x c r e t e d  i t  i n t o  t h e  medium.
I t  i s  o b v io u s  t h a t  i f  p r o t e i n s  a r e  u n f o ld in g  and f o l d i n g  
c o n t i n u a l l y ,  t h e n  many s u b s t a n c e s  w i l l  be a c c u m u la te d  w h ic h 4 re  
o f  no u s e  to  t h e  c e l l .  I n  t h i s  c a t e g o r y  a r e  ru b id iu m  and th e  
d y e s  m e n tio n e d  a b o v e .  The c e l l  c a n n o t  h e lp  a c c u m u la t in g  them
101.
i f  th e y  a r e  p r e s e n t  i n  th e  e x t e r n a l  medium.
The tu b u l e s  o f  th e  k id n e y s  have  t h e  power o f  c o n c e n t r a t i n g  
some d y e s ,  b u t  nob o t h e r s  ( Htiber and Woolley, 1 9 4 0 ) .  On a n a l y s i s ,  
i t  i s  fo u n d  t h a t  o n ly  th o s e  d y e s  w i th  a marked a m p h ip a th ic  
s t r u c t u r e  a r e  c o n c e n t r a t e d ,  and  i f  a  m a rk e d ly  p o l a r  g ro u p  i s  
I n s e r t e d  i n  t h e  n o n - p o l a r  a n d ,  t h e  dye  i s  c o n c e n t r a t e d  no 
l o n g e r .  Some exam ples  o f  d y e s  a c c u m u la te d ,  w i th  th e  
c o r r e s p o n d in g  n o n - ac cu m u la t e d  a n a lo g u e ,  a r e  g iv e n  i n  T ab le  6 .
TABLE 6
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IlBber (1 9 4 0 )  h a s  s u g g e s te d  t h a t  th e  d i f f e r e n c e  b e tw e en  th e  
two c l a s s e s  o f  d y e s  i s  due  t o  t h e i r  a d s o r p t i o n  on a s u r f a c e  a t  
some s t a g e  o f  t h e  a c c u m u la to ry  p r o c e s s .  Hav th e  dye becomes 
j  r e l e a s e d  from  t h e  s u r f a c e  i s  d e v e lo p e d  i n  t h i s  th e s is .
V/hen f r o g  k id n e y s  a r e  p e r f u s e d  w i th  a p h e n o l  r e d  s o l u t i o n ,  
t h e  d ye  i s  c o n c e n t r a t e d  by th e  t u b u l e s ;  th e  c o n c e n t r a t i o n  o f  
th e  dye  c o u ld  be v a r i e d  1 0 0 - f o ld  above a c t i t i c a l  c o n c e n t r a t i o n  
i n  th e  p e r f u s i o n  f l u i d  w i th o u t  i n f l u e n c i n g  th e  r a t e  o f  s e c r e t i o n  
( d ch e m in sk y ,  1 9 2 9 ) .  T h is  i s  c o n s i s t e n t  w i th  t h e r e  b e in g  a 
l i m i t i n g  f a c t o r  s e t  by t h e  r a t e  a t  w h ich  th e  p r o t e i n  o f  th e  
a c c u m u la to r y  m echanism  can  f o l d  and" u n f o l d .  Once th e  dye i s  
a d s o rb e d  t o  n e a r  th e  s a t u r a t i o n  p o i n t  o f  th e  p r o t e i n ,  no 
i n c r e a s e  i n  c o n c e n t r a t i o n  w i l l  i n c r e a s e  th e  r a t e  o f  t u r n o v e r .
The num ber o f  c y c l e s  o f  f o l d i n g  and u n f o ld in g  o f  a  p o o t e i n  
s h o u ld  be p r o p o r t i o n a l  t o  t h e  amount o f  m a t e r i a l  a c c u m u la te d  
and t o  t h e  ch e m ic a l  e n e rg y  ex p en d ed . Lundegardh  and D urs trom  
(1 9 3 5 ,1 9 3 5 )  and R o b e r t s o n  ( 1 9 4 1 ,  1944 , 1945) have  shown t h a t  
when r o o t  t i s s u e  was p la c e d  i n  s o l u t i o n s  o f  v a r i o u s  s a l t s ,  th e  
c e l l s  a c c u m u la te d  t h e  s a l t  and  consumed more oxygen th a n  
b e f o r e .  The e x t r a  s a l t - i n d u c e d  r e s p i r a t i o n  (m easu red  a s  GOg) 
was p r o p o r t i o n a l  t o  th e  amount, o f  s a l t  a c c u m u la te d .  (B o th  
s a l t  a c c u m u la t i o n  and  th e  e x t r a  s a l t - i n d u c e d  r e s p i r a t i o n  w ere  
i n h i b i t e d  by c y a n id e ,  w h e rea s  th e  b a s i c  "g round"  r e s p i r a t i o n  
was n o t . )
One o f  th e  m ost i n t e r e s t i n g  exam ples o f  an  a c c u m u la to ry  
m echan ism  o c c u rs  i n  th e  s to m ac h . The o x y n t ic  c e l l s  i n  t h e
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g a s t r i c  mucosa s e c r e t e  a  s o l u t i a i  w h ich  i s  a b o u t  a m i l l i o n
t im e s  r i c h e r  i n  h y d ro g e n  io n s  t h a n  t h e  blood*
V a r io u s  a t t e m p t s  Iiave b een  made t o  e x p l a in  t h i s
s e c r e t i o n  o f  d e o in o rm a l  b y d r o o h o lo r i c  a c i d  by j u g g l i n g  w i th
m e ta b o l i c  c a r b o n i c  a c i d  and  sodium  c h l o r i d e  (Conway and  B rady ,
1947 ; B u l l  and  G ra y , 1945 ; e t c . )  o r  w i th  e l e c t r i c a l  p o t e n t i a l s
a c r o s s  m em branes, p e rm e a b le  o n ly  t o  t h e  n y d ro g e n  i o n ,  e t c .
(•jL o llander, 1943 ; hehm , 1 9 4 3 ,1 9 4 5 ;  B e v ie s ,  hongm uir  and  C ran e ,
1 9 47 ; e t c * )  But t h e  a l k a l i n e  t i d e ,  i . e *  t h e  p r o d u c t io n  o f  on
e x a c t l y  e q u i v a l e n t  araoant o f  a l k a l i  i n  t h e  b lo o d  (h a iik^e i^a l ,
1 9 3 1 ] ,  shows t h a t  m e ta b o l ic  c a r b o n i c  a c i d ,  o r  any o t h e r
o r g a n ic  a c i d  s y n t h e s i s e d  from a n e u t r a l -  p r e c u r s o r  s u c h  a s
g lu c o s e ,  CLinnot be r e s p o n s i b l e  f o r  t h e  h y d r o c h l o r i c  a c id  ;
t h e r e  i s  m e re ly  a  s e p a r a t i o n  o f  a d d  from a l k a l i .  . . g a i n ,
m em branes t e n d  t o  be p e rm e a b le  to  a l l  C a t io n s  or t o  a l l
a n i o n s ,  and  s e l e c t i v e  p e r m e a b i l i t y  t o  a  s i n g l e  io n  i s  n o t
e s t a b l i s h e d  (Daveon à  L a n i e l l i ,  1 9 4 3 ) .
The s i û i p l e s t  explt.ru  t i o n  i s  t n a t  h y d ro g e n  io n
a c c u m u la t io n  i s  a  p a r t i c u l a r  f u i . c t i c n  o f  t n e  g e n e r a l  c a t i o n -
a c c u m u la to ry  m echanism  w hich  a l l  c e l l s  p o s s e s s .
on
The amount o f  a d s o r p t i o n  of h y d ro g en  i o n s / f o l d e d  end  
u n f o ld e d  p r o t e i n  n o l u c u l e s  i s  d i f f e r e n t .  T lia s ,  t h e  i s o e l e c t r i c  
p o i n t  o f  egg  a lb u m in  i n c r e a s e s  by h a l f  a  u n i t  o n , s u r f a c e  
d é n a t u r a t i o n  (M onger, 1938)*  C o n v e r s e ly ,  a  pH i n c r e a s e  o c c u rs
when t h e  egg  a lb u m in  m o le c u le  i s  unüLàed by th e  a c t i o n  o f  
h e a t ,  u l t r a v i o l e t  l i g h t ,  u r e a  o r  s u r f a c e  f o r c e s  (N e u ra th  e t
a l ,  1 9 4 4 ) .  Hence i t  i s  e v i d e n t  tb ja t t h e  r e f o l d i n g  o f  t h i s
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m o le c u le  w ould l i b e r a t e  h y d ro g e n  io n s  t o  th e  s o l u t i o n .
The way i n  w h ic h  a p r o t e i n  m o le c u le  m ig h t be s p e c i a l i s e d  
so  a s  t o  p ro d u c e  much g r e a t e r  pH ch a n g es  i s  shown i n  F i g . 3 6 .
The s p e c i a l i s e d  p r o t e i n  w ould h ave  a  c o n f i g u r a t i o n  su c h  
t h a t  p o s i t i v e l y - c h a r g e d  s i d e - c h a i n s  ( e . g .  a s  i n  l y s i n e  and 
a r g i n i n e )  o f t e n  come o p p o s i t e  t o  w eak ly  a c i d  s i d e - c h a i n s  ( i n  
t h e  a d j a c e n t  p r o t e i n  l a m in a ) ,  o f  g r e a t e r  t h a n  7 ( su ch  a s  
t y r o s i n e  pKg^  9 .8  -  1 0 .5 ,  c y s t e i n e  pKa 9 . 1  -  1 0 .8 )  so  t h a t  a t  
t h e  p h y s i o l o g i c a l  pH o f  7 th e  h y d ro g e n  i o n  i s  a t t a c h e d  t o  
m ost o f  t h e  a c i d  s i d e - c h a i n s  i n  th e  u n f o ld e d  m o le c u le .  When 
t h e  m o le c u le  i s  r e f o l d i n g ,  c o m p e t i t i v e  a d s o r p t i o n  from  th e  
p o s i t i v e l y - c h a r g e d  s i d e - c h a i n  f o r c e s  t h e  h y d ro g e n  io n  o f f  i n t o  
th e  s o l u t i o n  ( i n t o  a v a c u o l e ) .  The p r o c e s s  i s  t h e n  r e p e a t e d .
The pH t o  be e x p e c te d  from  a s i n g l e  c y c l e  may be c a l c u l a t e d .
^  I f  i t  i s  assum ed t h a t  t h e  c r o s s - l i n k  shown i n  F ig .  3 .6  o c c u rs  
a t  e v e ry  f i f t h  r e s i d u e  a lo n g  th e  c h a i n  (w h ic h  i s  th e  f r e q u e n c y  
o f  s a l t  l i n k s  i n  m y o s in ) , and t h a t  t h e  c o n c e n t r a t i o n  o f  t h i s  
p r o t e i n  i s  10 p e r  c e n t  ( a s  i s  m yosin  i n  n u s c l e ) ,  o f  a v e ra g e  
r e s i d u e  w e ig h t  100 , t h e n  th e  m o l a r i t y  o f  t h e  c r o s s - l i n k  i s
100 m 0 .2  I h u s ,  i f  one c y c l e  w ere  100 p e r  c e n t  e f f i c i e n t
TOO
i t  w ould  p ro d u c e  a pH o f  0*7 . I h i s  i s  am p le ,  f o r  th e  pH o f  t h e  
g a s t r i c  s e c r e t i o n . i s  a b o u t  1 - 2 .
I f  th e  v a c u o le s  o f  H y d ro c h lo r ic  a c i d  p ro d u c e d  i n  t h i s  v/ay 
a r e  e x c r e t e d  b o d i l y  by th e  o x y n t ic  c e l l s ,  so  t h a t  th e y  t r a v e l  
down th e  lumen o f  t h e  g l a n d  a.nd b u r s t  i n  t h e  s to m ach , t h e  
p r o to p la s m  o f  t h e  o x y n t i c  c e l l s  w ould be l e f t  a l k a l i n e .  I h i s
/ o
w ould  e q u i l i b r a t e  by d i a l y s i s  w i t h  t h e  b lo o d  a c r o s s  t h e  
a n io n -p e n m e a b le  c e l l  membrane, r e s u l t i n g  i n  t h e  a l k a l i n e  
t i d b  w h ich  e v e n t u a l l y  a p p e a r s  i n  t h e  u r i n e .
The u n f o ld e d  p r o t e i n  m o le c u le  i s  v e r s a t i l e  b e c a u s e  o f  
th e  v a r i e t y  o f  s i d e - c h a i n s  and o f  t h e  number o f  ways o f  
a r r a n g i n g  them  a lo n g  th e  b ac k b o n e ;  th e  p o s s i b l e  u s e  o f  
c e r t a i n  k in d s  o f  s i d e - c h a i n  i n  i o n  a c c u m u la t io n  h a s  b e e n  
i n d i c a t e d .
Exam ples o f  p o s s i b l e  ways i n  w h ich  p r o t e i n  m o le c u le s  
m ig h t  be s p e c i a l i s e d  t o  t a k e  up  p a r t i c u l a r  u n i o n i s e d  
m o le c u le s  a r e  a s  f o l l o w s :
1 .  N o n - io n is e d  s u b s t a n c e s  w ould  be a d s o rb e d  by v i r t u e  
o f  t h e i r  a t t r a c t i o n  f o r  d i f f e r e n t  s i d e - c h a i n s  o f  th e  p r o t e i n ,  
e .g . .  a l c o h o l s  f o r  th e  -OH o f  s e r i n e ,  . th e o n in e  and t y r o s i n e
(and  p e rh a p s  CONHg o f  c i t r u l l i n e )  and  f a t t y  s u b s t a n c e s  by 
v i r t u e  o f  t h e i r  a t t r a c t i o n  f o r  t h e  n o n - p o l a r  g r o u p s .
2 .  U re a ,  w h ich  i s  c o n c e n t r a t e d  by  t h e  k id n e y  t u b u l e s
o f  th e  f r o g  and  some f i s h ,  ( M a r s h a l l  and  C ran e ,  1924) h as  th e  
pow er t o  u n f o l d  p r o t e i n s  by b r e a k i n g  th e  h y d ro g e n  bonds b e tw een  
a d j a c e n t  p o l y p e p t i d e  c h a i n s ;  b u t  t h e  c o n c e n t r a t i o n  r e q u i r e d  
i s  h ig h  and  a b o u t  3 - 6  m o la r ,  ute f o r c e s  w h ich  oppose  th e  
u n f o l d i n g ,  a p a r t  from  th e  r e l a t i v e  s t a b i l i t y  o f  -GONE- bonded 
t o  u r e a  com pared w i t h  -  GONE- bonded t o  i t s  c o u n t e r p a r t  i n  a n  
a d j a c e n t  p o l y p e p t id e  c h a in  (H u g g in s ,  1 9 4 3 ) ,  a r e  t h o s e  due to  
t h e  m u tu a l a t t r a c t i o n  o f  th e  s i d e - c h a i n s  w hich  a r e  ro u g h ly  
i n  c o n t a c t  w i t h  one a n o t h e r  and  p o i n t i n g  a t  r i g h t  a n g le s
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t o  th e  p r o t e i n  l a m in a e .  The f o r c e s  due t o  h y d ro g e n  bonds 
b e tw e en  am ido g ro u p s  a c t  i n  th e  p la n e  o f  th e  l a m in a e ,  i h u s ,  
a n y t h in g  i n c r e a s i n g  t h e  r e p u l s i v e  f o r c e s  b e tw een  t h e  s i d e -  
c h a in s  w ould  v/eaken t h e  h y d ro g e n  bonds and l e s s e n  th e  
r e s i s t a n c e  t o  u n f o l d i n g  by u r e a .  T h is  p r o p e r t y  would be 
p o s s e s s e d  by a  p r o t e i n  i n  w h ich  th e  d i s t r i b u t i o n  o f  s i d e -  
c h a in s  was su c h  t h a t ,  when th e  c h a in  was f o l d e d ,  s i m i l a r l y  
i o n i s e d  s i d e - c h a i n s  o c c u r r e d  n e x t  t o  one a n o t h e r  i n  a d j a c e n t  
c h a i n s .  Urea w ould  a c t  a s  i t s  own u n f o l d i n g  a g e n t  i n  su c h  a
w eakened  p r o t e i n .  R e f o ld in g  m ig h t be a c h ie v e d  by e s t é r i f i c a t i o n  
o f  t h e  ( 'c h a rg e d )  a c i d  g r o u p s ,  c o n v e r t i n g  a  r e p u l s i o n  i n t o  a 
v a n  d e r  W aels a t t r a c t i o n .  The o r i g i n a l  c o n d i t i o n  o f  t h e  
p r o t e i n  w ould n e x t  be r e g a i n e d  by i t s  h y d r o l y s i s  by a n  
e s t e r a s e ,  th u s  c o m p le t in g  th e  c y c le  and l e a d i n g  c h e m ic a l  
e n e rg y  from  a n o t h e r  s o u r c e  i n t o  th e  p r o c e s s  ( c o u p l i n g ) .
5 .  W a te r ,  w h ich  i s  a c c u m u la te d  e . g .  by t h e  s a l i v a r y  
g la n d  ( t h e  s e c r e t i o n  o f  w h ic h  c o n t a i n s  much l e s s  s a l t  t h a n  
th e  b lo o d  (H B ber, 1946) w ould  be w ith d ra w n  from  a s o l u t i o n  
by th e  h y d r a t i o n  o f  a n  u n f o ld e d  p r o t e i n  w hich  th e n  r e f o l d s  
a lo n g  th e  p la n e s  i n  w h ich  w a t e r  i s  a d s o r b e d ,  sh e d d in g  i t  
u l t i m a t e l y  i n t o  lum en o f  t h e  g l a n d .
I t  i s  n o t  s u ^ ^ e s t e d  t h a t  t h e s e  a r e  a c t u a l  m echanism s j
o p e r a t i n g  i n  th e  k id n e y  and  s a l i v a r y  g la n d  r e s p e c t i v e l y ,  b u t  
th e y  a r e  j u s t  p u t  fo rw a rd  t o  i l l u s t r a t e  t h e  a d a p t a b i l i t y  o f  th e
p r o t e i n  m o le c u le  t o  p a r t i c u l a r  e n d s .
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I n  a l ]  th e  a c c u m u la to ry  c y c le s  p o s t u l a t e d  i t  i s  n e c e s s a r y  
t l i a t  th e  p r o t e i n  co m p le te  a c y c le  and r e t u r n  t o  i t s  o r i g i n a l  
s t a t e .  I h i s  in v o lv e s  th e  i n t e r v e n t i o n  o f  b o th  u n f o ld in g  and 
r e f o l d i n g  a g e n t s ,  th o u g h  a t  d i f f e r e n t  p a r t s  o f  th e  c e l l .  The 
s t a t e  o f  f o ld in g  o f  g l o b u l a r  p r o t e i n s  i s  i n f lu e n c e d  by a g r e a t  
v a r i e t y  o f  a g e n t s ,  i n c lu d in g  m e c h a n ic a l  s t r e s s e s ,  h e a t ,  l i g h t ,  
p r e s s u r e ,  p H , s u r f a c e - a c t i v e  a g e n t s ,  h ig h  c o n c e n t r a t i o n s  o f  
a l c o h o l s ,  am ides and  o t h e r  r e l a t i v e l y  i n e r t  o r g a n ic  s u b s t a n c e s ,  
and o f  i n o r g a n i c  s a l t s .  ( N e u ra th  e t  a l ,  1944)
I n  g e n e r a l ,  any  s u b s ta n c e  w h ich  i s  s t ro rg .y  a d s o rb e d  w i l l  
u n f o ld  th e  p r o t e i n  by s p l i t t i n g  th e  la m in a e  ( t h r o u g h  com peting  
7 / i th  one lam in a  f o r  a d s o r p t i o n  on th e  s u r f a c e  o f  a n o t h e r . )  A' 
change  i n  th e  s u r f a c e - a c t i v i t y  o f  a  compound a t  th e  p r o t e i n -  
w a te r  i n t e r f a c e  w ould b r i n g  a b o u t  a change i n  th e  e x t e n t  o f  
f o l d i n g  o f  th e  p r o t e i n .  ( I h i s  change i n  s u r f a c e - a c t i v i t y  may 
be b ro u g h t  a b o u t  by a n  e x t r a n e o u s  ch e m ic a l  r e a c t i o n ,  o c c u r r in g  
i n  a  d i s c r e t e  p a r t  o f  th e  c e l l .  Thus t h e  r e l e a s e  o f  en e rg y  
i n  one r e a c t i o n  c o u ld  be u sed  t o  ca u se  a n  a c c u m u la to ry  mechanism 
to  p r o c e e d . )  C o n v e rs e ly  a change i n  th e  ch a rg e  o f  a s t r o n g l y  
bound m o le c u le ,  su c h  a s  by h y d r o l y s i s  o f  a n  e s t e r  g ro u p , would 
change th e  c o n d i t i o n  o f  th e  p r o t e i n .
W hether th e  changes  b r o u g h t  a b o u t  i n  a c to m y o s in  by a d e n o s i i î  
t r i p h o s p h a t e  a r e  due t o  t h i s  k in d  o f  change o r  n o t  , rem a in s  t o  
be shown. T h is  s o r t  o f  change may e x t e n t  beyond a c to m y o s in  to  
p r o to p la s m  i n  g e n e r a l .  I n  th e  n e x t  c h a p t e r ,  th e  e f f e c t  o f  ATP 
on th e  amoeba*s c o r t i c a l  g e l  ( t h e  b a s i s  o f  th e  a c c u m u la to ry  
mechanism) i s  shown t o  be s i m i l a r  to  i t s  e f f e c t  on a c to m y o s in .
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8 , 3 .  The i n t r a c e l l u l a r  I n j e c t i o n  o f  .^denosane T r ip h o s p h a te
The ch an g es  o o c u r in g  i n  th e  amoeba* s t a i l  a r e  p a r a l l e l e d  
by th e  a c t i o n  o f  a d e n o s in e  t r i p h o s p h a t e  on t h e  ac to m y o s in  
g e l .  Tiivls, a d d i t i o n  o f  a d e n o s in e  t r i p h o s p h a t e  c a u s e s  th e  
l i q u e f a c t i o n  o f  t h e  a c to m y o s in  g e l ,  and a  c o n t r a c t i o n  o f  th e  
a c to m y o s in  f i b r e  ( S z e n t  -  B y o r g y i , 1 9 4 7 J Needham e j  a l ,  1941)
I t  was t h e r e f o r e  o f  i n t e r e s t  t o  d e te rm in e  t h e  e f f e c t  of 
aTP on t h e  c o r t i c a l  g e l  o f  th e  amoeba. The w r i t e r  i s  
i n d e b te d  t o  D r. I . J ,  L o ro h , who c a r r i e d  o u t  most o f  t h e  
m i o r o i n j e c t i o n s .  A s h o r t  a c c o u n t  has been  p u b l is h e d  (G o ld ao re  
and L o rc h ,  1 9 5 0 ) .
The aTP c o n c e n t r a t i o n  i n  m uscle  i s  q u i t e  h ig h  ( 0 . 1 ^ ) .
T h is  i s  a d s o rb e d  on t h e  c o n t r a c t i l e  f i b r e  i n  a n  i n a c t i v e  form 
and c o n t r a c t i o n  o n ly  o c c u rs  when a d d i t i o n a l  ATP i s  f r e e  i n  th e  
s o l u t i o n  { S z e n t-G y o rg y i ,  1947) I t  was to  be e x p e c te d  t h a t  
f a i r l y  c o n c e n t r a t e d  s o l u t i o n s  o f  ATP w ould be needed  t o  p roduce  
i n  th e  c o r t i c a l  g e l  any e f f e c t  s i m i l a r  t o  t h a t  i n  a c to m y o s in ,  
p a r t i c u l a r l y  b ecau se  of d i l u t i o n  v d t h  th e  c y to p la sm , an) t h i s  
was found  to  be s o ,  c o n c e n t r a t i o n s  around  2% ATP b e in g  th e  
m ost e f f e c t i v e .  (The s o l u t i o n  was b ro u g h t  t o  pli? w i t h  sodium 
h y d r o x id e .  When p o ta s s iu m  h y d ro x id e  was u s e d ,  th e  e f f e c t  
on t h e  amoeba was l e s s . )  Amounts o f  s o l u t i o n  e q u a l  t o  ab o u t 
t h r e e  t im e s  t h e  volume o f  t h e  n u c le u s  w ere i n j e c t e d ,  ( i . e .  
a b o u t  5^ o f  t h e  c e l l s  v o lu m e . )
ü/
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C o n t r a c t i o n  o f  th e  c o r t i c a l  g e l  was i n f e r r e d  from th e  
f o l lo w in g  o b s e r v a t io n s  :
( i )  When 2% ATP was i n j e c t e d  i n t o  th e  t a i l ,  th e  speed  o f  
s tream ing / o f  th e  ameeba and t h e  a r e a  o f  th e  w r in k le d  r e g io n  
i n c r e a s e d  s e v e r a l  t im e s  ( F i g .  3 7 , Ck) .
( i i )  When i n j e c t e d  i n t o  th e  a d v a n c in g  pendopod, th e  s t r e a m in g  
o f  th e  amoeba r e v e r s e d .
( i i i )  When i n j e c t e d  i n t o  t h e  c e n t r e  o f  th e  amoeba, i t  become 
c r i n k l e d  a l l  o v e r  and  d e v e lo p e d  a k in d  o f  r i g o r  ( F i g .  5 7 ,6  )
f / i th  l a r g e r  am ounts t h e  c e l l  r a p i d l y  p u t  o u t p se u d o p o d ia  
and w ith d re w  them a l l  o v e r  i t s  s u r f a c e .  This was r e m in i s c e n t  
o f  th e  ‘ bubb ling*  w h ich  o c c u rs  i n  amoeba and i n  c e l l s  i n  
t i s s u e  c u l t u r e  d u r in g  th e  f i n a l  s t a g e s  o f  n u c l e a r  d i v i s i o n .
S in c e  p ro d d in g  o f  th e  c e l l  c a u se s  some d i s t u r b a n c e ,  
c o n t r o l  i n j e c t i o n s  w ere  c a r r i e d  o u t  w i th  d i s t i l l e d  w a te r  
and v a r i o u s  s a l t  s o l u t i o n s  ( C h a l k l e y 's  medium. R in g e r ,  MgCl^ 
e q u im o la r  w i th  t h e  ATP i n j e c t e d )  b u t  w i th o u t  e f f e c t s  com parab le  
w i th  th o s e  o f  ATP.
The e f f e c t  o f  ATP l a s t e d  a b o u t  a m in u te ,  and th e  s o l u t i o n  
co u ld  be i n j e c t e d  r e p e a t e d l y  t o  p ro d u ce  th e  same e f f e c t .  I n  
c o n t r a s t  w i th  d i s t i l l e d  w a te r  and p h y s i o l o g i c a l  s a l t  s o l u t i o n ,  
w hich  te n d e d  t o  be p in c h e d  o f f  a s  a b u b b le ,  ATP s o l u t i o n  mixed 
w i t h  th e  c y to p la s m  and was re m a rk a b ly  in n o c u o u s .
That t h e  w r in k l in g  o f  th e  membrane and th e  s q u e e z in g  o f  th e  
c y to p la s m  away from  t h e  s i t e  o f  i n j e c t i o n  o f  ATP, r e s u l t i n g  i n
1 1 1 .
t h e  f o r m a t io n  o f  a s e c o n d a ry  t a i l ,  i s  n o t  due to  mere m e ch an ica l  
i r r a t i o n  o f  th e  c e l l  i s  shown by th e  f o l lo w in g  p o i n t s :
( i )  I n j e c t i o n  o f  a  s e r i e s  o f  p r o g r e s s i v e l y  more d i l u t e  
s o l u t i o n s  o f  ATP p ro d u ced  p r o g r e s s i ty e ly  l e s s  e f f e c t .  Below 
0 .4 ^  ATP t h e r e  was h a r d ly  any  r e s p o n s e .
( i i )  I n j e c t i o n  o f  o t h e r  s u b s ta n c e s  p roduced  e f f e c t s  w hich
w ere o p p o s i t e  o r  q u a l i t a t i v e l y  d i f f e r e n t ;  y e t  th e  m e c h a n ic a l
i r r i t a t i o n  was t h e  same. Examples o f  th e s e  s u b s ta n c e s  a r e
ileparin and sodium triphosphate Na P On n ( t o  be d iscu ssed
5 3
below)
( i i i )  M ech an ica l  i r r i t a t i o n ,  w h i le  c a u s in g  c o n t r a c t i o n  o f  an  
a d v a n c in g  pseudopod c a u se s  th e  o p p o s i t e  e f f e c t  i n  th e  t a i l ,  i n  
th e  c o r t i c a l  g e l  n e a rb y  and i n  r e t r a c t i n g  p se u d o p o d ia  i . e .  
p r o t r u s i o n  o f  a  p se u d o p o d . ( T h is  i s  d i s c u s s e d  more f u l l y  i n  
c h a p t e r  B lo  ^ u n d e r  "Amoeboid movement") Y et w h e re v e r  ATP was 
i n j e c t e d ,  i t  a lw ays  had  th e  same e f f e c t  -  i t  p roduced  a se co n d a ry  
t a i l .  T h is  n e v e r  k e p t  i t s  in d e p e n d e n c e  f o r  lo n g ,  b e c a u s e  i t  
fu s e d  w i th  th e  o r i g i n a l  t a l l  ( s e e ^ F i g .1 8 )  s in c e  b o th  t a i l s  
ca u sed  th e  c o n t r a c t i o n  o f  th e  c o r t i c a l  g e l  be tw een  them , 
r e s u l t i n g  i n  t h e i r  b e in g  p u l l e d  t o g e t h e r .
I n j e c t i o n  i n t o  th e  c o r t i c a l  g e l  som etim es c a u sed  a  
s p h e r i c a l  pseudopod t o  blow  o u t  i n d i c a t i n g  t h a t  t h e  c o r t i c a l  
g e l  had  b een  l i q u e f i e d ,  f o r  n o rm a l ly  a pseudopod i s  c y l i n d r i c a l ,  
ouch a pseudopod would c o n t r a c t  v ig o r o u s l y  s h o r t l y  a f t e r w a r d s .
AS a liq u id  cannot exert a ten sio n , th is  con traction  must have 
been due e n t ir e ly  to  the membrane, in d ica tin g  that the membrane
1 1 2 .
a lo n e  i s  s t r o n g  enough t o  oppose th e  c o n t r a c t i o n  o f  th e  r e s t  
o f  th e  c e l l . .  T h is  i s  a n  example o f  l o c a l i s e d " b u b b l i n g " .  
I n j e c t i o n  som etim es cau sed  b u b b le s  t o  b re a k  r i g h t  o f f .
Jill i n t e r e s t i n g  e f f e c t  d u e  t o  r e v e r s a l  o f  s t r e a m in g  by 
i n j e c t i o n  o f  ATI i n t o  th e  f r o n t  o f  th e  amoeba was t o  c a u se  
t h e  n u c le u s  and c o n t r a c t i l e  v a c u o le  t o  a p p e a r  i n  th e  a d v a n c in g  
t i p  o f  th e  amoeba (w h ic h  had  p r e v i o u s l y  b een  th e  t a l l  e n d . )
Both th e s e  l a r g e  b o d ie s  a r e  n o rm a l ly  r e t a r d e d  w i th  
r e s p e c t  t o  t h e  s t r e a m  o f  c y to p la s m , a s  i f  th e y  a r e  h e ld  up 
by c r o s s - s t r a n d s  o f  g e l  w h ich  a r e  g r a d u a l l y  l i q u e f i e d  by 
a p p ro a c h  o f  th e  t a i l  o r  by th e  n u c le u s  I t s e l f ,  so  t h a t  th e  
n u c le u s  s lo w ly  p r o g r e s s e s  f o rw a rd .  I n  f a c t  t h e s e  c r o s s -  
s t a n d s  ca n  be s e e n  a s  a  c o a r s e  n c tw o r t  i n  th e  p h a s 'e - c o n t r a s t  
m ic ro s c o p e ,  th o u g h  t h i s  h as  a p p a r e n t l y  n o t  oeen  r e p o r t e d  
b e f o r e ,  dm all g r a n u l e s  p a s s  sm oo th ly  betw een  th e  m eshes, 
l a r g e r  ones bump th e  mesh, p au se  m o m e n ta r i ly ,  move a l i t t l e  
t o  one s i d e  and p ro c e e d  onwards a ro u n d  th e  m esh. C a re fu l  
o b s e r v a t i o n ,  ev en  w i th  a n  o r d in a r y  m ic ro s c o p e ,  shows t i i a t  
t h i s  m o t io n  i n  th e  l a r g e r  g r a n u le s  o n ly  o cc u rs  i n  f r o n t  o f  
th e  n u c l e u s .  B e h in l  i t ,  t h e r e  a r e  no c r o s s - s t r a n d s  o f  g e l  
and th e  g r a n u le s  a l l  move sm o o th ly .  ATP d i s s o l v e s  t h e s e  
c r o s s - s t r a n d s ,  a s  i t  d o es  t h e  c o r t i c a l  g e l .
Now when th e  amoeba l a  r e v e r s e d  by ATP t h e r e  a r e  no c r o s s -  
s t r a n d s  betw een  th e  t a i l  and  th e  n u c le u s  t o  impede th e  n u c l e u s ,  
and i t  i s  sw ept a ]o n g  w i th  th e  s t r e a m  o f  c y to p la sm  r i g h t  up  to  
th e  t j p  o f  th e  a d v a n c in g  p se u d o p o d .
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ATP I n  th e  medium.
When ATP s o l u t i o n  was mixed w i th  th e  am o eb a 's  c u l t u r e  
medium ( b u t  n o t  i n j e c t e d  i n t o  th e  c e l l )  th e  c e l l  w ent i n t o  
a r i g o r  a l l  o v e r  i t s  s u r f a c e .  The w r in k le s  w ere  l a r g e r  
th a n  th o s e  p ro d u ced  by i n j e c t i o n ,  s u g g e s t in g  t h a t  th e  
c o r t i c a l  g e l  i s  n o t  l i q u i f i e d ,  b u t  i s  s t i f f e n i n g  th e  membrane. 
ATP, b e in g  i o n i s e d  would n o t  r a p i d l y  e n t e r  th e  c e l l ,  and 
th e  s m a l l  amount e n t e r i n g  would r a p i d l y  be decom posed, ju d g in g  
by th e  r a t e  o f  r e c o v e r y  a f t e r  i n j e c t i o n .
Q^her c o n t r o l  s u b s t a n c e s .
( a )  Sodium t r i p h o s p h a t e  Nag P3 O^Q. T h is  was chosen  b e c a u se  
o f  i t s  r e l a t i o n s h i p  t o  ATP, a  1 .5 ^  s o l u t i o n  o f  t h i s  s u b s ta n c e  
when i n j e c t e d  p ro d u ced  a  n a r c o t i c  e f f e c t  s i m i l a r  t o  t h a t  i n  
h a l f - s a t u r a t e d  c h lo ro fo rm  s o l u t i o n  -  th e  c e l l  membrane l i f t e d  
away from  th e  c y to p la s m , th e  c e l l  ro unded  and b e c a u se  i n s e n s i t i v e  
t o  to u c h ,  and th e  c y to p la sm  l i q u e f i e d .  There was no s i g n  o f  
w r i n k l in g  o f  th e  membrane. L a t e r ,  a n  " i n t e r n a l  c y t o l y s i s "  
o c c u r re d  i n t o  th e  h y a l in e  sp a c e  be tw een  th e  c y to p la sm  and th e  
membrane. This h as  n o t  b een  n o t i c e d  w i th  any o t h e r  s u b s t a n c e .
I t  i s  i n t e r e s t i n g  t h a t  t h e  membrane rem ained  a t t a c h e d  t o  th e  
c y to p la s m  a t  th e  t a i l ,  th o u g h  f i s e  a t  a l l  o t h e r  p l a c e s .
(b )  H e p a r in .
The p la s m a s o l  f lo w in g  i n t o  th e  ad v a n c in g  pseudopod g e l s  
w here i t  comes i n  c o n t a c t  w i t h  th e  new ly-fo rm ed  membrane.
(tx)
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T h is  b e a r s  a  r e s e m b la n c e  t o  th e  c l o t t i n g  o f  b lo o d ,  w h ich  i s  
i n i t i a t e d  b y  c o n t a c t  o f  t h e  b lo o d  w i t h  a  new ty p e  of s u r f a c e .  
A c c o rd in g ly ,  a n  a t t e m p t  was made t o  p r e v e n t  t h e  fo rm a t io n  o f  
t h e  c o r t i c a l  g e l  b y  th e  i n j e c t i o n  o f  th e  a n t i c o a g u le n t  
h e p a r i n .
I n j e c t i o n  o f  a  1 :1 0 0 0  s o l u t i o n  of h e p a r i n  i n  C h a lk le y * s
medium n e a r  t h e  s u r f a c e  o f  t h e  amoeba cau sed  a  s p h e r i c a l
pseudopod t o  b e  b low n  o u t  a t  t h a t  p o i n t .  ( F i g .  3 8 ) .  T h is  was
i n  c o n t r a s t  t o  t h e  c y l i n d r i c a l  pseu^pod formed n o r m l l y  when
th e  w a l l s  a r e  s t i f f e n e d  b y  c o r t i c a l  g e l .  O f te n  th e  w hole  o f
t h e  c e l l  would blow  o u t  i n t o  t h e  p seu d o p o d , a s  I f  t h a t  w ere  the
w e a k e s t  p a r t  g i v i n g  way u n d e r  th e  p r e s s u r e  w i t h i n  t h e  c e l l .
( F i g .  38a) Sometimes t h e  s p e c i a l  pseudo  pod was p in c h e d  o f f .
O ften  th e  n u c le u s  was e x t ru d e d  i n t o  t h e  s p h e r i c a l  pseudopod
a s  i f  a l l  c ro ss« * s tra n d  r e s i s t a n c e  t o  i t s  p a s sa g e  a lo n g  w i th
t h e  p la s m o s o l  s t r e a m  had  b ee n  d i s s o l v e d .
A l a r g e  q u a n t i t y  o f  h e p a r i n  s o l u t i o n  i n j e c t e d  i n t o  th e
c e n t r e  o f  t h e  c e l l  l i q u e f i e d  i t  c o m p le te ly ,  p ro d u c in g  a
q h e r i c a l  and u n i fo rm  c e l l .  ( F i g .  38c) The h e p a r i n  i n f lu e n c e d
a  volume o f  c y to p la s m  many t e n s  o f  t im e s  g r e a t e r  t h a n  t h e
volum e i n j e c t e d .  I t  a p p e a r s  t h a t  h e p a r i n  l i q u i f i e s  e x i s t i n g
g e l  a s  w e l l  a s  p r e v e n t in g  th e  fo rm a t io n  o f  f r e s h  g e l .
The same c o n c e n t r a t i o n  o f  h e p a r i n  p la c e d  i n  t h e  e x t e r n a l
medium had  no d r a m a t ic  e f f e c t  (beyond  p ro d u c in g  a n  o c c a s i o n a l  
empty pheudopod a s  d o  weak s o l u t i o n s  o f  a n a ^ h e t i c s ) .
E v id e n t ly  i t  d o es  not p e n e t r a t e  t h e  c e l l  membrane.
ATP ,
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H ep a r in  and  ATP a r e  s i m i l a r  3n t h a t  th e y  can  b o th
l i q u e f y  t h e  c o r t i c a l  g e l ;  b u t  t h e y  a r e  s h a r p l y  c o n t r a s t e d  i n
t h a t  ( i )  t h i s  l i q u i f a c t i o n  i s  perm anen t w i th  h e p a r i n ,
te m p o ra ry  w i th  ATP*
( i i )  The d i r e c t i o n ! o f  lo c o m o tio n  o f  t h e  c e l l ,  i n  r e l a t i o n
t o  t h e  s i t e  o f  t h e  i n j e c t i o n ,  a r e  o p p o s i t e .  ( F i g . 39)
( i i i )  a  b u b o le  b low n o u t  a t  t h e  s i t e  o f  t h e  i n j e c t i o n  o f
ATP so o n  c o n t r a c t s  v i g o r o u s l y ,  w hereas  w i th  h e p a r i n
t h e  b u b b lo  e i t h e r  c o n t in u e s  t o  expand u n t i l  a l l
t h e  c e l l  i s  i n  i t ,  o r  p in c h e s  i t s e l f  o f f .
As f a r  a s  t h e  a u t h o r  i s  aw a re ,  t h e s e  e x p e r im e n ts  a r e  t h e
f i r s t  i n  w h ich  ATP was i n j e c t e d  i n t o  any l i v i n g  c e l l *
R unnstrom  and  K r i s z a t  (1950) p la c e d  s e a - u r c h i n s  eggs i n  a
medium c o n t a in i n g  ATP, and  o b se rv e d  e f f e c t s  a f t e r  a  few hours*
B ut i n  v iew  o f  t h e  ex trem e  r a p i d i t y  w i th  w h ich  th e  c e l l  can
decom pose i n j e c t e d  ATP ( l e s s  t h a n  1 m in u te )  and  th e  s lo w n ess
o f  p e n e t r a t i o n  th ro u g h  th b  c e l l  men&)rane, th e  e f f e c t s
o b s e rv e d  by R unnstrom  a r e  more l i k e l y  t o  b e  s e c o n d a ry  e f f e c t s ,
due p ro b a b ly  t o  a n  a c c u m u la t io n  o f  d e c o m p o s i t io n  p r o d u c t s ,
r a t h e r  t h a n  a  p r im a ry  e f f e c t  o f  ATP*
K r i s z a t  (1949) found  v i s c o s i t y  c h a n g e s ,  w h ich  w ere  dependo t
on t i m e ,  i n  t h e  c y so p la sm  o f  th e  amoeba Chaos chaos  p la c e d  i n
ATP s o l u t i o n s *  The same o b j e c t i o n s  a p p ly ,  t h a t  t h e s e  s lo w ly -
a p p e a r in g  ch an g es  a r e  s e c o n d a ry  e f f e c t s ,  c o n t r a s t i n g  w i th  th e
im m ed ia te  and s h o r t - l i v e d  r e s p o n s e  when ATP i s  i n j e c t e d  i n t r a -
c e l l u l a r l y #
%T
F i g  3? R . M e m b r a n e - l i f t i n g  i n  a  d i v i d i n g  A . p r o t e u s ,  
sh o w in g  t h a t  t h e  d i v i s i o n  f u r r o w  i s  a  t a i l  r e g io n *
The am oeba i n  a  h a n g in g  d ro p  was e x p o se d  t o  t h e  
v a p o u r  o f  b e n z e n e , ( m o d e r a t e d  by  d i l u t i o n  i n  8 v o l s ,  
a r a c h i s  o i l ) w h e n  t h e  f u r r o w  h a d  become w e l l  e s t a b l i s h e d .
I X  i f
and sometimes sugar being converted into starch. In 
th is  particular reaction there are no extraneous factors 
which could influence the position of the equilibrium, 
which is  thermodynamically fixed as depending only on the 
concentrations of the molecular species in the equation.
(n -  l)HgO + starch n glucose
Yet in some c e l ls  one finds 20 per cent starch and l i t t l e  
glucose (potatoes), in other c e lls  20 per cent sugar and l i t t l e  
starch (onions, beet).
Therefore, the c e l l  must have a way of driving the 
reaction almost completely to one side or the other, in sp ite  
of any cata lysts striv ing to bring about equilibrium.
A reaction may be driven forward by removing the product 
of the reaction. The simplest general way to do th is in a 
c e l l  i s  to adsorb i t  and th is could best be done by adsorbing 
i t  on the unfolding suifece of a protein, and especially of the 
protein which is  the enzyme catalysing the reaction. Then, 
when the unfolding is  complete, the protein may refold (e .g . 
by some ATP-mechanism) to desorb the product of the reaction in 
a concentrated form into some vacuole, then carry out another 
cycle.
By making such a use of the con tractility  of the cortical 
g e l, the energy of ATP could be coupled to drive foivmrd other 
reactions.
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F ig.40iis a series of pictures taken of a typical 
mitosis in amoeba discoides, showing the manner of origin of 
the ta ils  of the daughter c e lls . Division of chick fibroblasts 
in tissue culture is  almost identical (cf. Strangways, 1^2$).
Amoeboid movement appears to be bom in ce ll division, and 
to be a continuation of this movement. The ta il  organiser of 
the parent c e ll having become exhausted, locomotion of the ce ll  
ceases and it  rounds up. However, as soon as the nucleus 
divides, cytoplasm is  revitalised once, more (cf. Cdlktk and 
Summers, 1941) and streaming begins again.
It is  tempting to speculate on the chemical details of 
th is process. One might imagine that an enzyme in the ta il  
(the "tail-organisor") produces a substance like adenosine 
triphosphate from a precursor widely distributed in the 
cytoplasm (possibly an ATP-polymer or nucleic-acid-like substance) 
The tai1-organiser or i t s  substrate gradually becomes exhausted 
and the c e ll  rounds up prior to division. Cytoplasmic movement 
is  not conspicuous again until nuclear division has taken place.
The "resting" nucleus has meanwhile made tw o'tail 
organisers", and throws these out when it  divides, releasing at 
f ir s t  large quantities of ATP-like substance. This causes 
bubbling of the c e ll  and eventually contraction of the cortical 
gel in the cleavage furrow. Streaming begins as a result of 
the contraction of the cortical g e l, and the two nascent 
daughter c e lls  move apart by ordinary amoeboid movement, at 
f ir s t  as parts of the parent c e l l ,  later as separate individuals.
Daughter c e lls  both of amoebae and of fibroblasts in tissue  
culture, frequently continue to move in opposite directions in 
a straight lin e , long after they have separated.
The material thrown out of the nucleus at nuclear division  
which has been observed in some protozoa (Ca//r;fr and SviHnBsrs,(l94!^ j 
Conklin (1951); Chambers, (1951), see also discussion on 
pararaecium and egg ce lls  below) -  appears to revita lise the 
cytoplasm in the same way as an injection of ATP solution.
This material may therefore be an ATP-precursor such as an 
ATP-polymer, alternating between cytoplasm and nucleus, 
returning from the nucleus to the cytoplasm at each nuclear 
division as a " tail organiser".
The forward-flowing stream of cytoplasm from the t a i l  
flows over the new nucleus, which maintains a central position  
in the stream and is  retarded with respect to i t .  The nucleus 
increases in size  and refractive index during cytoplasmic 
streaming. It appears to alter the plasmasol in such a way 
that i t  can gel again on the walls of the advancing pseudopod. 
Enucleation of the amoeba causes a temporary bubbling, and 
afterwards the c e ll  streams only feebly and intermittently 
(Glark, 1942; Ooramandon and de Poubrune, 1939).
When the nucleus is  put back the c e ll resumes continuous 
and vigorous streaming within a short period (Commandon and 
de PoAbrune, 1939; Lorch and D anielli, 1950).
Thus a function of the nucleus -  apart from the part it  
plays in heredity -  appears to be that of a depolariser, in
the same way as the depolariser in an electric c e ll (the current 
is  weak and intermittent without the manganese dioxide or other 
oxidising agent, but strong and continuous with i t ) .  The 
nucleus may collect the ATP-like substance and i t s  breakdown 
products secreted by the ta il  (hence the bubbling of the 
enucleated amoeba), accumulating this material and 
resynthesising from i t  two ta il  organisers which it  ejects at 
nuclear division. It may be that the division of the nucleus 
is  triggered off by the accumulation within i t  of more than a 
cr it ica l concentration of these ATP breakdown products. This 
is  supported by Schaeffer’s observation (1917) that amoebae 
divided on an average every two days, but i f  one of the two 
daughter c e lls  resulting from a particular division divided 
earlier than th is , the other usually divided later. This 
suggests that some substance connected with the triggering of 
mitosis is  occasionally divided unequally. However, i t  is  
unwise to take this speculation too far without chemical data 
on the distribution of ATP-like substances between nucleus and 
cytoplasm at various stages from one division to the next.
It is  suggestive, however, that analogous transfers of 
material between nucleus and cytoplasm occur in conjugation in 
'Paramecium, which is  a revita lising  process, and, in the 
opposite direction, in the production of an egg c e ll ,  in which 
many processes are suspended.
In Paramecium, at ” conjugation the nuclei divide 
repeatedly within the c e l l ,  and twic-e o one of the two bodies
dissolves into the cytoplasm so that finally  (after^successive 
divisbns) only one .q u a r te r  of the original nucleus is  
l e f t ,  and of i t  has been transferred to the cytoplasm.
If this is  potential ATP, i t  is  easy to see why the c e ll is  
revitalised.
Conversely, in the production of an egg ce ll from the 
megaspore mother c e l l ,  nuclei formed by successive divisions 
of the primary nucleus are ejected from the c e ll with a small 
amount of cytoplasm, to become polar bodies, synergids, etc; 
the remaining nuclear material which becomes the nucleus of 
the ovum i t s e l f ,  is  thus in the presence of a large excess of 
cytoplasm, compared with the condition in a daughter ce ll 
resulting from ordinary mitosis or in araraecium just after  
conjugation.
Such a c e ll  would be triggered off into mitosis before 
much of the cytoplasm had had its  ATP-precursor used up; and 
in fact a fe r tilised  egg can divide repeatedly without the 
addition of metabolites outside (except oxygen) and without 
any appreciable increase in weight, as i f  the cr itica l amount 
of substance for nuclear division could easily be supplied 
from that present in only a small fraction of the cytoplasm 
without the need for synthesis from material in the nutrient 
medium.
The testing of this hypothesis of the alternation 
between nucleus and cytoplasm of ta i l  organiser material awaits 
the perfection of the ultra-violet microspectrophotometer as a 
quantitative instrument, which should occur in the next year or 
twa._ ___ _________
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5. Cytoplasmic Streaming in General
A theory of cytoplasmic streaming has recently been 
put foraard from the Seifriz School by Loewy (1950), who 
attributes i t  to the shifting of bonds between protein 
molecules in the moving cytoplasm.
This theory is  in contrast to the one advanced in this 
th esis, in which the motive force is  supplied by the contraction 
of the gel around the plasmasol, which moves passively.
A crucial experiment was perfomed to decide between 
these ivio alternatives. With the micromanipulator and 
micropipette, some of the cytoplasm of the amoeba (about one- 
third) was sucked out and injected, within a few seconds of 
removal, on to the coverslip under o il .  This drop of cytoplasm 
showed no tendency to stream internally. The granules merely 
showed a slight Brownian movement. Yet this cytoplasm 
contains the same mixture of substances in the same proportion 
as the cytoplasm which a few seconds previously was streaming 
about in the c e ll .
That i t  was not damaged by this treatment was shown by 
injecting i t  back into the dmoeba. It immediately began 
streaming as i f  i t  had not been removed.
This shows that the source of movement is  not in the 
moving cytoplasm, as suggested by Loewy, but is  associated 
with that part of the c e ll  le f t  behind, i . e . ,  the cortical 
gel and plasma membrane. The amoeba depleted of one-third of 
i t s  cytoplasm continued to stream as before. Similarly,
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amputated pseudopodia, containing' a third or less of the total 
cytoplasm, retained the ab ility  to stream.
The relationship between streaming in the amoeba and in 
the root hair is  interesting. One bears a kind of inverse 
relationship to the other. In the root hair, streaming carries 
the cytoplasm to one end of the c e l l ,  pushing the vacuole to 
the other. Reversal of streaming is  essential i f  streaming is  
to continue, for otherwise the cytoplasm would become a ll  used 
up by accumulating on one side of the vacuole.
In the amoeba, th is rhythmic reversal is  not so obvious, 
but i t  occurs nevertheless in a different geometrical guise.
The cytoplasm, after streaming forward along the central 
channel of the cell^gels on the wall of the advancing pseudopod, 
and after a few minutes is  ready to liquefy again and stream 
back (as in the root hair). But there is  no need for i t  to 
stream backwards, for by th is time the ta il  has reached i t ,  and 
i t  liquefies in the t a i l  and streams forward.
The geometry is  such that the rhythmic sol-gel change in 
the root-hair involves rhythmic reversal of flow, but in the 
amoeba the flow is  continuous in one direction (except for 
secondaiy effects in the lateral pseudopodia).
This ceaseless rhythm, which also occurs in some bacteria 
and in c i l ia ,  poses the question -  what is  i t  for  ^ Oilia and 
pseudopodia are analogous structures, and the interconversion 
of one into the other has been observed. Since pseudopodia 
are accumulatoiy mechanisms, a purpose of c i l ia ,  and the
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ceaseless bending' movements of some bacteria, may be to be 
accumulatory mechanisms a lso , ^art from their function in 
locomotion.
Alternatively, the ceaseless unfolding and refolding of 
protein chains (producing movaaent as a bye-product) may be a 
rather widespread feature of enzyme action. The ATP-ase 
action of actomyosin is  one example. Also, the unfolding of 
invertase during i t s  activ ity  (Byping et a l, 1946), which has 
been discussed above.
The whole of the cytoplasm in amoeba can behave like  
actomyosin -  i t  a l l  goes tlirough the cycle; cortical g e l, 
contraction in ta i l  to form plasmasol, gelatin on walls of 
advancing pseudopod, etc. It may be that this folding -  
unfolding cycle in the cortical gel can be harnessed to drive 
other enzyme actions which are assisted by a folding-unfolding 
cycle. (The enzyme would be adsorbed alongside the contractile 
f ib r il  in the cortical g e l) . Examples of this may be :
(a) The folding up of proteins at the time of synthesis from
the fibrous into the globular form, so that they are out 
of the way and unable to take part in the back-reaction. 
Presumably protein molecules are synthesised unfolded, 
since the centre of a globular protein is  too far from the 
surface of i t  to be influenced by ordinary valence forces.
(b) Enzymes are said to be catalysts which act merely by
hastening the attainment of equilibrium. Yet in the same 
c e l l ,  where presumably a ll  the enzymes are present, one 
sometimes finds, e.g. starch, being converted into sugar,
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and sometimes sugar being converted into starch. In 
th is particular reaction there are no extraneous factors 
which could influence the position of the equilibrium, 
which is  thermodynamically fixed as depending only on the 
concentrations of the molecular species in the equation.
(n - 1 )H20 + starch n glucose
Yet in some c e lls  one finds 20 per cent starch and l i t t l e  
glucose (potatoes), in other ce lls  20 per cent sugar and l i t t l e  
starch (onions, beet).
Therefore, the c e ll  must have a way of driving the 
reaction almost completely to one side or the other, in spite  
of any catalysts striving to bring about equilibrium.
A reaction may be driven forward by removing the product 
of the reaction. The simplest general way to do this in a 
c e ll  is  to adsorb i t  and this could best be done by adsorbing 
i t  on the unfolding suiBice of a protein, and especially of the 
protein which is  the enzyme catalysing the reaction. Then, 
when the unfolding is  complete, the protein may refold (e.g . 
by some ATP-mechanism) to desorb the product of the reaction in 
a concentrated form into some vacuole, then cariy out another 
cycle.
By making such a use of the contractility of the cortical 
gel, the energy of ATP could be coupled to drive forward other 
reactions.
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6. Amoeboid Movement, and Rhythm in Protoplasm
In the previous chapters i t  was convenient to treat the 
amoeba as i f  i t  were a simple tube, contracting at one end and 
expanding at the other, and to ignore the lateral pseudopodia. 
There is  some justification  for th is , for some species of 
amoebae (e .g . Limax) have no lateral pseudopodia, and A.proteiAs 
and A. discoides in the culture dishes were often found to be 
in the monopodal condition; moreover, they could always be 
made monopodal by putting them in neutral red solution (see ' 
photograph. P ig.28).
The sligh t staining of the cortical gel is  sufficient to 
inhibit the liquefaction which occurs in i t  just before a 
lateral pseudopod is  blown out. A higher concentration, 
however, is  required to inhibit the liquefaction in the ta il ,  
and the advance of the anterior end of the c e ll. This shows 
that the lateral pseudopodia are different from the ta il  and 
the main axial pseudopod at the front, and are a secondary 
phenomenon, superimposed on the tube structure of the c e ll .
In this chapter we shall deal especially with the lateral 
pseudopodia, and the rhythmic softening of the cortical gel 
which allows them to form; in addition, the position of the 
present theory in relation to previous theories of amoeboid 
movement w ill be discussed.
Afflodboid movement is  not only a feature of a rather 
remote group of micro-organisms, but is  a fa irly  general 
potential property of c e lls  when they are unconfined by
1%
aetgbbouring c e lls  or rigid m veW os.ae is  shovm fay tissue 
culture.
■ 3ome species of amoebae (the "social" amoebae) spend part 
of their  time f@edi% m  individuals aad part of i t  agf:r@g;3tW 
on one another to form a mussgevlike mimal with c e ils  
differentiated to form body, sta lk , spores, ©te. (Bonner, IGdiy. 
After sporing the s e l ls  which are le f t  eaparstte and feed,, 
î'ieces of mamaallm tissue disperse by œoeboid aovement ®haa 
placed in a suitable medim and can be mde to rsHafj^regst®, ,.i 
mamal may be regarded to mm& estent as a colony of social 
œoebae.
The tealis^i of wotiads involves the raaocfeold migration of 
c e lls  into tfeo ptoma clot (Buschke, 1950). wbea pure cultures 
of kidney epithelium and of connective tissue are mixed in a 
suitable laeliuia, the c e lls  sg^gregate on one mother and build up 
rudimentary tubulw. (fitm^eways, ■ 1S24. ; Musconi, 1951). So 
evidastly Ih©’process is  reversible, dopcndi% on the medium
Similarly, (mphibian mbiyos whm pMoed in a Calcium-free 
medium, separate into isolated c e lls  moving by amoeboid movœent 
(HoltfvW%#r, 1940), When the calciura ia  put into the medium, 
they aggregate cm one mother again.
fcv®Q such highly differentiated co ils  as nerve c e ils  show 
ameboid aovamoat #@n regenerating; after boit^ cut (wei©3,1045), 
fho dendrites of nerve co lls  say be regarded m  pseudopodia ;md 
i t  has been suj-^moted that sleep results i r m  the retraction of 
these pscudopmlla -  the c e lls  cease beii^ "soeial" and live for 
themselves for a while.
The invasiveness of malignant c e lls  is  to some extent 
due to their ab ility  to in filtra te  other tissues by amoeboid 
movement. They have been observed travelling singly and in 
groups of three, four or five.
Finally, the division of the cytoplasm at mitosis appears 
to be the result of two oppositely-directed amoeboid movements, 
which persists in ce lls  free to move along after they have 
separated from one another.
Most of the theories of amoeboid movement are of l i t t l e  
in terest. They can be disposed of by fairly simple physical 
considerations. Though there may be a germ of truth in some 
of them, they either conflict with experimental evidence at 
some part of the cycle, or are quantitatively inadequate to 
account for the amount of movement that takes place. They 
have been recently reviewed by de Bruyn (1947) who has gone as 
far back as 1830.
1. Amoeboid movement has been attributed to local changes of 
surface tension (Berthold, 1886). This is  unlikely since
(a) the lim iting factor in movement -^diowev-eii, is  not the
relatively flex ib le  c e ll  membrane but the rigid cortical 
gel underneath the membrane which must liquefy before
movement can occur;
(b) the surface tension of the plasma membrane is  almost zero 
so that i t  could not be lowered much further.
(c) Changes in surface tension would bring about movement by 
causing spreading, yet the area of the ce ll and the area of 
contact of the c e ll  with i t s  underlying surface do not change 
in any progressive way, but remain approximately constant. 
Moreover, streaming continues when the c e ll is  not in contact 
with any surface.
2. Amoeboid movement has been attributed to the rhythmic 
contraction and expansion of the c e ll  membrane (Holtfreter,1949) 
but this would merely move the c e ll backwards and forwards over 
a fraction of i t s  diameter, whereas a c e ll progresses many times 
i t s  diameter in a few minutes.
3. Movement has been attributed to the contraction of the rear 
of the c e ll  due to loss of water there, (Pantin, 1923) but again 
th is part would diy up before the c e ll  had moved its  own length.
4. A difference of pH between the front and back of the c e ll  
was reported by Pantin (1923) who suggested this might be the 
cause of the movement. But subsequent workers (e.g . Mast,1926) 
have not been able to confirm the difference in pH; moreover, 
Pantin used neutral red as indicator and i t  has been shown in 
Pact A that the protein error of neutral red with serum albumin 
changes sign on unfolding the protein, so that an apparent pH 
difference could arise where there was none because of a 
difference in the protein at each end of the c e ll.
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5. Contraction of the rear part of the ce ll was attributed to 
gelation of the cytoplasm (Lewis, 1931; Hyman, 1917) on the 
grounds that contraction usually occurs when a solution gels. 
However, th is contraction is  only about 1;10,000 whereas the 
contraction in the amoeba is  about three-quarters of the 
original length of the gel (Pig.24). Moreover it  is  easy to 
observe that the rear portion of the c e ll  liquefies and streams 
fonvard, which would be impossible i f  gelatim  occurred there.
It is  now generally agreed (de Bruyn,1947) that amoeboid 
movement results from the contraction of the cortical gel at the 
rear portion of the c e l l ,  which liquefies and is  squeezed up the 
central channel of the c e ll  to form more gel on the walls of the 
new pseudopod. Heilbrum (1937) has calculated that the rate of 
streaming can be accounted for (assuming a viscosity of plasmasol 
6 times that of water) by a pressure difference between front and 
back of the c e ll of 8 dynes/cm., or a surface tension difference 
of only O'Ol dynes/cm.
It is  evident from some of the theories of movement given 
( e .g . ; the surface-tension theory and the membrane-contraction 
theory) that there seems to be some confusion as to what is  
meant by amoeboid movement. There are two entirely d istinct 
movements, ( i ) , the progressive locomotion arising from the 
contraction of a permanent ta i l  (the permanence, or even the 
existence of which, does not seem to have been fully appreciated 
in formulating the theories), ( i i )  the protrusion and retraction 
of lateral pseudopodia, which, when casually observed may appear 
random, but which is  in fact fairly regular, as analysis of the
cinematograph records shows.
It seems that the theories involving rhythmic membrane 
contraction and local changes in surface tension, were concerned 
with ( i i )  and not with ( i ) .
Though the amoeba is  often found to be monopodal in i t s  
culture medium, it  usually has one or two pseudopodia on each 
side of the main axis (c f. photographs in F ig .15). This is  
known as the "ramose" condition, presumably from it s  
resemblance to rowing a boat. When the amoeba is  not 
phagocytosing, these adventitious lateral pseudopodia are 
protruded at fa ir ly  regular intervals of about one-third the 
length of the c e l l  (Pig. /F" ) so that there is  an average of 
two pseudopodia on each side of the c e ll  a ll  the time.fPkbîl'
The posftion of every pseudopod protruded by an amoeba for 
31 minutes was recorded, and the results summarised in the 
following table :
L H - S
Number of pseudopodia on each side of axis.
Right side ; 2 3 2 3 0 1  1 1 2 2 2 2  mean 1-8
Left side : 1 1 3 1 3 2 2 1 2 2 2 2  mean 1*9
The number on each side was recorded at each new 
appearance of a pseudopod. In th is species (/^.discoides) 
there was an average of 2 pseudopodia on each side of the 
main ax is.
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The miaute-to-rainute direction of movement è f  an amoeba 
in i t s  nomal medium does not appear to be determined by 
chemotaxis. Frequently two amoebae are observed passing one 
another in opposite directions, or at right angles; even in a 
homogeneous medium, amoebae move ceaselessly.
From time to time one of the lateral pseudopodia becomes 
dominant, the advancing pseudopod is  retracted, so that the 
c e l l 's  path changes by about a right angle. As an example of 
what happens, a typical c e ll  was found to convert a lateral 
pseudopod into the leading one seven times in 20 minutes. 
(Intervals of 2*15, 1-55, 1-05, 1*35, 5*50, 4-30, 2*30 -
mean 2-50)
In this individual, new lateral pseudopodia formed 26 
times in 20 minutes at intervals of 22, 22, 65, 12, 15, 60,
55, 50, 15, 45, 25, 15, 10, 120, 60, 85, 5, 65, 15, 70, 25,
115 (monopodal during some of this time), 15, 35, 55, 95 -  
mean 46 seconds. Thus there are at least two superimposed 
rhythms, one of short (1 ') and the other of long (3 ') period.
This rhythmic protrusion of lateral pseudopodia, during 
the steady progression of the c e ll as a whole, continued for 
days in the complete absence of solid  food (chilomonas). 
Indeed, even the short-term movement of a lateral pseudopod 
seems independent of any food stimulus. F ig.41 is  taken from 
cinematograph records, showing a lateral psaudopod advancing 
almost up to a fla g e lla te , and retracting before reaching i t .  
I f  i t  had extended only 10 per cent further, i t  would have
13%.
engulfed the flage lla te . That the la tter was suitable as food 
is  shown a few seconds later, when a succeeding lateral 
pseudopod actually did engulf i t .
These facts suggest that the stimulus for the protrusion 
of a lateral pseudopod is  endogenous, arising in the cortical 
gel i t s e l f  rather than in the medium. The cytoplasm, being 
under a slight internal pressure due to the contraction of the 
t a i l ,  and confined in a tube by the rigid cortical g e l, blows 
out at any point where the gel softens. It w ill be interesting  
to discuss the reason for th is rhythmic softening, because the 
occurrence of rhythm is  connected with some of the ideas on 
protein-folding and ATP being developed in this thesis.
Rhvthm
It has been said that "Nature might abhor a vacuum, but 
she is  very partial to rhythms and cycles". Sometimes rhythm 
depends on a feed-back mechanism (in which part of the response 
is  used as a stimulus to in itia te  a succeeding response). 
Familiar examples of rhythm are osc illa tin g  radio c ircu its , and 
stuttering (which depend on feed-back mechanisms (Vfiener, 1949) 
in  which part of the response is  used as a stimulus to in ita te  
a-succeeding response) and ciliary  motion and heart beats.
Kamiya (1942) has studied rhyraically-reversing streaming 
in the slime-mould, by applying a counter-pressure to the 
plasmodium just su fficient to prevent streaming. He found 
that th is pressure varied rhythmically, with a period of about 
half a minute, evidently resulting from some rhythmic tension in 
a part of the plasmodium.
Kamiya analysed the regular waves in his curves and 
concluded that the overall rhythm was the resultant of several 
superimposed"rhythms. In th is respect i t  resembles the amoeba, 
in the rhythms of i t s  lateral pseudopodia, main pseudopod and 
cortical gel adjacent to the ta il .
One wonders whether the same ATP-like substance, which 
causes liquefaction in the ta i l  of the amoeba, also causes 
liquefaction in the lateral pseudopodia, and i f  so, how i t  is  
produced rhythmically. Mow we are not accustomed to chemical 
reactions which produce oscilla tion s in the concentration of 
one of the products, though such a thing is  theoretically  
possible in two autocatalytic reactions run in series{botka  
- ‘ , Peard and Oullis (1951) have reported
a rhythmiichange in pH in the reaction between HgOg and HlOg 
and indicated the possible autocatalytic reactions involved.
The mathematics was worked out in detail by Volterra (1926) 
who studied the rhythmic fluctuations in animal populations 
which were preyed on by other animals, and gave a mathematical 
treatment of an ideal system. Volterra's d ifferential 
equations which describe the situation in the animal population 
also describe the situation in chemical solutions in which a 
molecule instead of an animal is  destroyed by another s e lf -  
reproducing agent.
I f ,  for example, sharks and the fish on which they fed 
were in a closed pond, and the food fish  had an inexhaustible 
supply of fodder, then the sharks rapidly ate nearly a ll  the
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f ish , so that soon most of the sharks starved to death, allowing 
the fish  to increase again, when the remaining sharks started 
eating fish  again and m ultiplied, thus repeating the cycle.
F ig .42 shows the relative numbers of the two species at 
any time. Volterra showed, by integrating the d ifferentia l 
equations expressing the rate of increasÈag of each species, 
that the numbers of individuals of the two species are periodic 
functions of the time, with equal periods but different phases.
The simplest chemical system is  as follows ;
autocatalyst A autocatalyst B non-autocatalytic 
E ______________ ^ A _____________ ^ B enzyme I  ^  Z ...
where R is  a large reserve of starting material and A 
corresponds to the f ish , B to the sharks dying à natural death 
through enzyme X i f  not constantly replenished from A.
In th is system the concentration of both A and B 
fluctuates rhythmically, as in F ig.42. I f  either autocatalyst B 
or enzyme X is  a contractile element, sensitive to the 
concentration of A or B respectively, then rhythmic contraction 
occurs. Autocatalytic reactions should not be rare in the 
liv ing  c e l l ,  since self-duplication is  an important feature of 
liv ing c e lls .
Some recent work on ATP has been highly suggestive, and 
practically enables the identification  of A and B in the c e ll .
Straub and Feuer (1950) have demonstrated that ATP is  the 
functional group of actin '. Globular actin contains ATP and 
when i t  "polymerises" to the fibrous ATP-free form, ATP is  
changed into ADP. Thus an ATP-containing enzyme is  an ATP-ase.
mATP-free actin is  inactive. Thus the more ATP in solution, 
the more of the enzyme which destroys i t  is  produced (assuming 
that the apoenzyme, i . e . ,  fibrous actin, which contains no 
ATP, is  in excess).
Thus, in the scheme above, ATP corresponds to A and 
globular (active) actin to B. A ll that remains is  for i t  to 
be shown that ATP is  produced by an autocatalytic reaction.
Then the concentration of ATP in the system would fluctuate 
rhythmically -  which would mean that cortical gel would soften 
rhythmically and lateral pseudopodia would-be blown out fa irly  
regularly.
Now ATP may be produced autocatalytically for since i t  is  
a metabolite that is  used in the production of so many others, 
by energy coupling, i t  could conceivably be coupled to i t s  own 
production.
Alternatively, one of the autocatalysts could be contractée 
actomyosin i t s e l f .  Only the contracted form is  an ATP-ase. 
Szent-Gyorgyi(1947) has shown that ATP in muscle acts to 
in itia te  a chain reaction: a trace of free ATP causes the
contraction of a small amount of ATP-loaded, extended 
actomyosin, which contracts, releasing the ATP adsorbed on it  
to cause contraction in more extended actomyosin nearby, until 
the whole has contracted. Thus, contracted actomyosin in 
e ffec t, creates more contracted actomyosin in i t s  neighbourhood.
After the explosive contraction is  over, the folded 
molecules unfold in the presence of ATP fed into the system.
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decomposing i t  in so doing. Eventually a ll  the protein 
chains would be extended and loaded with ATP again, so that soon 
a small excess of ATP would start the contraction again; thus 
the cycle would repeat i t s e l f  indefinitely.
Ou; conception of protoplasm,, then, is  that i t  consists 
of a framework of actom^oSin-like g e l, in which an ATP-like 
substance is  produced so that the system has an intrinsic  
ab ility  to contract, liquefy and gel again in succession. It 
seems possible to interpret much of what happens in amoeboid 
movement -  adventitious lateral pseudopodia, t a i l ,  ir r ita b ility ,  
sen sitiv ity  to touch, narcosis, e tc .,  in terras of th is picture.
Volterra has also shown that (a) the rate of fluctuation  
is  increased by the steady destruction of the eating species 
( i . e .  B), and the destruction of the eaten species retards i t .  
The period depends on the coefficients of increase and 
destruction of the two species, and on the in it ia l  numbers of 
the two species; (b) the average number of the two species 
tends to constant values, whatever the in it ia l  numbers may 
have been, (so long as the coefficien ts of increase and 
destruction, and of protection and attack remain the sam ;^
(c) i f  we try to destroy individuals of both species uniformly 
and proportional to their number, the average number of eaten 
species grows and the average number of eating species 
diminishes; and (d) increased protection of the eaten species 
increases the average numbers of both.
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The significance of this in our chemical example, is  
as follows : I f  a reaction is  non-rhythmic due only to the
absence of significant amounts of A, i t  w ill eventually become 
rhythmic i f  le f t  to i t s e l f  (from (b)). When c i l ia  f ir s t  
appear during the development of a c e ll  they are not motile 
and do not become so for a considerable time. This may be due 
to the time required for the gradual automatic adjustment of 
the concentrations of A and B until the conditions required for 
periodicity are sa tisfied .
Again, the rhythmic pulsation of the heart can be slowed 
by stimulation of the vagus. This may result in the 
production of some substance which would act to reduce the 
effective concentration of A. After th is substance had been 
used up, the original rhythm would gradually be restored.
The unique character of the protein molecule, which 
changes i t s  chemical and physical properties by molecular 
folding, lends i t s e l f  to a simple model for a rhythmically 
contracting fibre. Suppose that the contractile fibre is  
made up of two protein enzymes, one active only when unfolded, 
the other active only when folded; and that each produces a 
substance which alters the state of folding of the other.
One of these proteins may be actomyosin, the other a protein 
which produces ATP from an ATP-precursor uniformly distributed 
in the c e ll  (th is may be a nucleic acid-like complex). Pig.43 
shows the series of events in such a duplex fibre.
As long as the ATP precursor ex ists , the two proteins
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would fold and unfold one another.
This suggestion is  supported by some phenomena 
revealed by anaesthetics. A normal amoeba is  sensitive to 
touch. On the other hand, i t  is  unaffected by pressures of 
up to one or two hundred atmospheres when the pressure is  
applied uniformly a ll  around (Marsland and Brown, 1936).
To be effective the stimulus must be uneven, i . e . ,  press the 
c e ll  in ever so s lig h tly . Now the ordinary chemically inert, 
fat-soluble anaesthetics -  ether, chloroform, benzene and other 
v o la tile  substances such as ethyl acetate, alcohol and even 
hexane (which anaesthetise tadpoles in concentrations of about 
l/lOth saturation (Ferguson, 1947)) a l l  have the property of 
l if t in g  the membrane of the amoeba away from the cytoplasm 
(Goldacre, 19511, a/idTdblei),
Hence, any mechanism of stimulation depending on the 
interaction of membrane and cytoplasm would be interfered with 
by th is gross physical e ffect.
Returning to our contractile f ib r il  with two protein 
components, I am going to suggest that one component is  in  the 
membrane and the other in the cytoplasm. ïfhen they are pushed 
together, they contract. The microscope shows that normally 
membrane and granular cytoplasm are separated by a thin 
non-granular or "hyaline" layer (Mast, 1926), which is  only a 
fraction of a ^ t h ic k ,  (except at the advancing tip of a 
pseudopod, when i t  may be 10 -  2 0 ^  thick). Anaesthesia makeu 
i t  impossible for them to be touched together by an ordinary
TABLE 3.
(8.) List of Substances Lifting Membrane and Producing
ilnaesth'esia in Amoebae.
Ethanol, Propanol, Ether, Acetone, Chloroform,
Carbon Tetrachloride, Dicnlorethane, Tetrachloréthane,
Bonzene, 0- and P-Dichlorbenzene, Trichlorbenzene, 
Naphthalene (Slow) Hexane, Cjclohexanc, Ethyl 
Acetate, Ethyl N itrate, Ethyl Bromide, Ethyl Iodide, 
Ethyl Mercury Chloride, Methyl Benzoate, Phenol, 
Anisole, Cineole, Thymol, .aniline. Pyridine,
Quinoline, V anillin , Paraldehyde, Urethane.
(b) Inactive Substances.
Phenacetin, creatin , sucrose (10 per cent solution), 
anthracene, benzpyrene, p-aminostilbene, benzocain.
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stimulus. (Apart from th is , of course, anaesthetics cause 
viscosity  changes in the cytoplasm (Prederikse, 1933)). 
Anaesthesia, then, supports a two-component contractile f ib r il  
The cytoplasm is  continually bei% provided with the two 
components where the monbrane at the ta i l  contracts and goes 
into solution. The cytoplasm is  therefore potentially fu ll  
of the 2-component f ib r ils  which can undergo their so l-gel 
rhythms independently of any outside stimuli (hence the regular 
lateral pseudopodia). Only in the membrane are the two 
components separate and so liab le  to activation by a touch 
stimulus.
Evidence in support of this hypothesis (that contact of 
membrane and cytoplasm cause a response) was obtained in two 
ways by the micromanipulator. A touch stimulus was found to 
be ineffective unless i t  pushed the membrane across the hyaline 
layer into the granular cytoplasm.
1. The sen sitiv ity  of the amoeba to touch was measured at 
different parts of the c e ll surface. The greatest sensitiv ity  
was found where the hyaline layer was thinnest, at the t a i l ,  
and a progressive f a l l  in sen sitiv ity  occurred in moving 
towards the advancing pseudopod. The slightest touch with the 
micromanipulator needle near the t a i l  %as sufficient to obtain
\v\àei\feâ
a response. The membrane needed to b^ about 8 - 1 2  yuc 
(measured with the optical micrometer) in the advancing tip of 
the pseudopod before anything happened, whereas the slightest 
touch near the t a i l ,  involving a movement of the membrane of 
less than was sufficient near the t a i l .  When the amoeba
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streamed slowly, the thickness of the hyaline layer at the 
advancing tip  f e l l  to 2 -  ^  It then responded to a much 
ligh ter touch there, than when i t  was 12^.
2. The effect of a touch stimulus is  opposite on an 
advancing to that on a retracting pseudopod. Advancing 
pseudopodia gelled  when touched and retracted i f  stimulated 
further. Retracting pseudopodia, however, reversed streaming 
when touched and rapidly became protruded further.
Thus, stimulation caused liquefaction of g e l, but 
gelation of so l.
Sim ilarly, i f  cortica l gel between lateral pseudopodia 
was stimulated, i t  liquefied from outside inwards, u n til v/hen 
the liquid region had advanced into the central plasmasol 
streaming past, the plasmasol burst through the softened gel 
and pushed out a pseudopod there. To do th is , the plasmasol 
reversed i t s  direction of streaming on the anterior side of the 
stimulus (F ig .45), supporting the view, earlier expressed, that 
the plasmasol is  under pressure and bursts out into a pseudopod 
wherever the cortical gel weakens, even i f  i t  involves reversal 
of flow, i . e . ,  the direction of flow is  determined by pressure 
differences and not by any forces in trinsic  in the part of the 
cytoplasm that is  moving.
This liquefaction at the point of stimulation suggests 
that a trace of ATP is  liberated by the membrane when i t  touches 
the granular cytoplasm. This trace of ATP would a%o cause 
the opposite effect in an advancing and retracting pseudopodia.
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Fig.46, taken from data given by Szent-Gyorgû/(1947)
roug K(y
shows^the effect of ATP on v iscosity  of actomyosin. The 
addition of a defin ite amount at A would increase the v iscosity  
( i .e .  gelate) whereas addition at point B would reduce the 
viscosity  ( i . e .  liquefy cytoplasm).
Response to touch -  explanation.
Suppose that the 2-component contractile f ib r il  is  
modified at the c e l l  membrane, so that the component which is  
active only when unfolded is  in the membrane i t s e l f  ; and the 
other component i s  in the cortical g e l, separated from i t s  
partner by the thin hyaline layer, whpich also separates the 
membrane-enzyme from i t s  non-diffusible substrate (F ig .47).
The sequence of events on prodding- would be ;
Enzyme A in membrane is  pushed across hyaline layer into  
i t s  substrate (P ig .47, 2a), which is  transformed into ATP which 
causes the contraction of enzyme B in the cortical gel (F ig.47, 
2b). The contracted enzyme B thus becomes active and
decomposes i t s  substrate into the substance which unfolds 
th is membrane again (3a). The insulating hyaline layer 
intervenes between the two enzymes once more and the two 
substrates are replenished from the bulk of the cytoplasm (3b). 
(These two substrates need not be on opposite sides of B, as 
in diagram, but could be mixed together around B). The c e ll  
surface is  thus ready to respond to another stimulus.
In the cytoplasm, of course, there is  no hyaline layer 
to intervene between the two enzyme components of the 
contractile f ib r i l ,  so that the so l-gel rhythm would continue 
in d efin ite ly , as appears to happen.
Summarising, there appears to be a close relation between
the rhythmic so l-ge l change in cytoplasm^response to a touch 
stimulus and anaesthesia. We imagine that there would be a 
rhythmic g e l-so l change in the membrane but i t  is  interrupted 
by the separation in space of the two essentia l reactants; a 
touch pushes them together and the events in the membrane then 
parallel those in the cytoplasm.
In ATP-like substance appears to be the means whereby the 
rhythm and response to touch are actuated. It can now be seen
why such a great variety of stim uli bring about changes in
cytoplasm. Many agents which stimulate c e lls  -  heat, lig h t, 
pressure, various chemical substances, e t c . ,  are protein 
dénaturants. Mything disturbing the gel of actomyosin loaded
with ATP, (which Szent G-yoigyi (1947) has shown is  the resting 
state of muscle, and which we have taken as a model of the
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cortical ge l in the amoeba) would release a small amount of 
ATP, which would then set o ff a chain reaction in the gel.
Let us recapitulate the evidence for the protein-folding 
and unfolding in liv ing  c e lls  :
1. Prom direct observation and inference -  muscular contraction-, 
contraction in cytoplasm in general; the need to unfold to act 
as a template during reduplication and protein synthesis; the 
contraction and solution of c e ll  membrane at the t a i l  and 
re-expansion at the front of the c e ll;  the non-wrinkling of
a contracting o i l  drop in a liv ing  amoeba; the pressure- 
inhibition of various enzyme reactions; and the absence of 
change of surface tension in the c e ll  membrane when the c e ll  
is  deformed mechanically.
2. Prom the accumulation of dyes in the t a i l  when the SHoeh^ 
is  streaming, and at the end of the plant vacuole towards which 
cytoplasm is  streaming.
3. The contraction and liquefaction of cytoplasm when ATP is  
injected in tracellu larly ; and the inhibition of gelation by 
heparin.
I f  amoeboid movement in a l l  i t s  aspects is  a result of 
changes in the folding of protein molecules as suggested in 
th is chapter, then protein-folding must be practically  
universal in c e lls  since amoeboid movement is  potentially  
universal.
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7. Possible Extension of the Work.
The conception of a c e ll  as a system in which protein 
molecules fold up at one place and unfold in another, under the 
influence of t a i l  organiser as folding agent and nucleus as 
depolariser, is  a f e r t i le  one. It provides at once possible 
explanations for a great many v ita l phenomena, such as could 
never be done by any amoimt of information about ordinary 
chemical reactions in the c e l l .
Some fie ld s  in which this conception has immediate bearing 
are m itosis, parthenogenesis, fe r t ilisa t io n , cancer^stimulation, 
narcosis, nerve conduction, the ageing of c e l ls ,  sexual 
reproduction and the possible making of liv ing c e lls  a r t if ic ia lly  
in addition to amoeboid movement, cytoplasmic streaming and 
osmotic work, which are discussed more fu lly  above.
To be more e x p lic it , le t  us take these in turn and suggest 
the possible mechanism in terms of th is conception :
(a) M itosis, as a result of two oppositely-directed amoeboid 
movements, is  dealt with above. One wonders whether the 
division of the cytoplasm, in which the nascent daughter c e lls  
move apart by typical amoeboid movement, » preceded by a 
sim ilar event in the nucleus. The essentia l supposition is  
that some material closely  connected with cytoplasmic streaming 
(possibly ATP) is  gradually transferred from the cytoplasm to 
the nucleus. Eventually some c r it ic a l condition of 
concentration in the nucleus is  surpassed and i t  pulls i t s e l f  
in two, possibly by the very same ta i l  organisers which
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eventually produce the cytoplasmic movements.
It is  the existence of th is c r it ic a l condition for  
division in the nucleus which provides a clue to what may be 
happening in parthenogenesis (the egg being a c e ll  in which 
the t a i l  organiser is  presumably exhausted but the nucleus is  
as yet unable to divide, lacking su fficient of the c r it ic a l  
substance which the parthenogenic agent may release from 
the cytoplasm), in fe r t ilisa t io n  (in which the sperm 
introduces the c r it ic a l ATP-like substance) and in cancer 
(in which the nucleus may always have a surfeit of the 
c r it ic a l substance).
(b) Parthenogenesis.
Parthenogenesis may be brought about in resting egg c e lls  
by a variety of apparently unrelated procedures (Galkin and 
Summers, 1941). It is  interesting that in the light of 
recent work on actomyosin a l l  these procedures have one 
property in common -  that of releasing ATP from the 
actomyosin -  ATP complex described by Szent-G-yorgyi (1947).
( i )  Hypertonic and hypotonic solutions. Szent-Gyorgyi 
(1947) has determined curves showing the adsorption 
of ATP on actomyosin under various conditions of 
sa lt concentration and has found that the 
physiological sa lt concentration is  the one 
corresponding to maximum adsorption (Figure4%).
Pig.LZ- adsorption of ATP on to actésomyosin in 
• 0 -u0Ijb|. OaClg and various KOI concentrations.
Hence, any departure from th is w ill release ATP and bring
about stimulation of the cortical gel.
(ii)B utyrio acid. This is  anionic and would by competitive 
adsorption releases. ATP, which is  also anionic, from the 
actomyosin gel.
( i i i )  Pricking with a needle. This also starts protoplasmic 
streaming in quiescent amoebae and is  probably due to the 
release of ATP from adsorption on actomyosin ge l owing to 
the dénaturation of the la tter  by the mechanical shearing 
forces. For example, i f  mechanical agitation caused 
precipitation of protein, as a result of intermolecular 
bridges between side-chains previously used for adsorption 
of ATP, then .'iTP would be released. Similarly, any 
folding up of a protein molecule would render i t  less  
capable of adsorbing the molecules, owing to the decrease 
in i t s  surface area.
(iv ) F ertilisa tion . This (though not truly a parthenogenetic 
agent!) would act similarly by bringing the very active  
tai1-organiser of the sperm into the c e ll .
(v) Bacterial infection. This would act by the same
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mechanism as ( i i )  and ( i i i ) .
The protoplasm of the amoeba’s cortical gel resembles 
actomyosin in i t s  response to 4TP. Szent-Gyorgyi’s picture 
of the actomyosin-ATP complex, which i s  extraordinarily 
sensitive to changes in the ionic balance, in the ATP 
concentration and in the state of folding of the protein  
molecule, provides a clue to the irr ita b ility  of protoplasm; 
in particular i t s  response by contraction to /a wide variety of 
stim uli, a l l  or which  ^release ATP from adsorption on the gel 
into the free , active form in solution which causes the 
contraction of the gel and sets  up a chain reaction of release 
of ATP from other molecules of actomyosin.
A ll these parthenogenetic effects  could be explained i f  
i t  is  postulated that an egg c e ll  does not divide because the 
concentration of ATP or ATP-like polymer in the nucleus has not 
yet passed a c r it ic a l value. Darlington and Thomas (1941) 
have found some evidence for a c r it ic a l value in Sorghum.
Extra heterochromatin, supplied by a lagging B-chromosome 
causes abnormal and unrestricted c e l l  division. Protoplasmic 
activ ity  resulting’ from the action of the ta il  organiser on the 
cortica l ge l would produce breakdown products of ATP (or 
ATP-like substance) which Would well accumulate in the nucleus. 
In any case, the nuclear size  and content of nucleic acid 
(which may be regarded as a kind of ATP-like polymer) increases 
during cytoplasmic a ctiv ity , and the ultimate exhaustion of the 
t a i l  organiser requires that a new t a i l  organiser be foimed.
Since th is  is  done at nuclear division, i t  is  likely  that the 
material from the t a i l  organiser passes into the nucleus where 
i t  is  changed chemically into an active form once more. Cell 
division is  the natural prerequisite for th is release from the 
nucleus into the cytoplasm of rechaiged ta il-o igan isers.
(c) Oancer.
What makes a c e ll  divide is  one of the most interesting  
questions in biology, and of great practical importance in the 
problem of cancer, Gould i t  be that in continually-dividing 
c e lls  the nucleic-acid concentration in the nucleus is  
permanently high so that the threshold is  exceeded as a result 
of veiy l i t t l e  cytoplasmic activ ity  after c e ll  d ivision, i . e .  
before the t a i l  organiser is  completely exhausted 1 
A lternatively, i t  may be that the threshold in the nucleus for 
actively dividing c e lls  is  lower than usual. Consider to what 
extent th is suggestion is  consistent with the facts of cancer.
( i )  Many cancer c e lls  have a conspicuously large nucleus, 
which is  of diagnostic value. Presumably, the larger nucleus 
contains more nucleic acid that a normal one.
( i i )  In virus-produced tumours the virus, which is  always a 
nucleic-acid containing body, would contribute extra nucleic 
acid to the c e ll .
( i i i )  The carcinogenic dye Butter Yellow causes an increase 
in ribose nucleic acid in the cytoplasm (Opie, 1947). Its  
effect on the nucleus is  not stated but in any case the ultimate 
conversion of ribose -  into deoxyribose-nucleic acid to some
extent occurs in c e lls .
(iv ) Nitrogen mustards are knovm to combine with nucleic 
acid (G-ulland et a l. 1948). By removing the excess of i t  
they may prevent the threshold from ever being exceeded and 
so inhibit the growth of the tumour.
(v) Infection of mouse carcinomas with some protozoa 
( e .g . ,  Tiypanosoma cruzi) arrests growth of the tumour (Opie, 
1947). It may be that the very active parasite milks some of 
the ATP out of the host c e l ls .
(d) Stimulation -  by touch, through pressing a non-diffusible 
enzyme in the c e l l  membrane against the non-diffusible substrate 
in the cortica l gel (possibly a polymerised ATP) across the 
hyaline layer so as to result in the production of a trace of 
ATP which sets o ff a chain reaction as described on p. .
Many stimulants are protein dénaturants and would release ATP 
from adsorption on actomyosin gel.
(e) Narcosis -  by expanding the c e l l  membrane (in the same 
way as protein monolayers can be expanded by the vapour of 
benzene or hexane on the Langmuir trough to double their area),(?»«< 
causwq i t  to move away from the cytoplasm so that a light touch 
stimulus i s  in sufficien t to push the membrane into the 
cytoplasm and produce ATP.
( f ) Nerve conduction -  by the transmission of a longitudinal 
compression wave along the protein monolayers in the c e ll  
membrane. This could be maintained by ATP (as nerve conduction 
in fact i s ) ,  in the same way as the compression in the amoeba’s
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t a i l  is  maintained by an ATP-like substance. An amoeba is  
lik e  a nerve in which the speed of conduction is  equal to the 
speed of locomotion in the c e l l .  The impulse keeps i t s  fixed  
position in relation to the c e l l ,  in th is case in the t a i l ,  
because the contracted protein is  soluble and automatically 
squeezed forward. But i f  the contracted protein remains a g e l, 
the impulse would pass over i t  to the other end of the c e l l ,  as 
in  nerve and muscle.
Now potential chaiges across the nerve c e ll  membrane 
are of the same magnitude as potentials due to protein 
monolayers, i . e . ,  a few hundred m illiv o lts . The folding-up 
of a protein monolayer, or merely i t s  compression, resulting  
in the orientation of side chains( which werepreviously lying 
in the surface) at right angles to the surface, would chamge 
the potential by about 100 rav. (Adam, 1941), close to the 
observed amount of action potential in nerve.
Further, the speed of nerve conduction i s  consistent 
with the speed of sound in protein monolayers, !,Ooldacre 
(195]^) has measured the speed of the longitudinal compression 
wave in various monolayers. Some speeds are shown in the 
following table :
Table . Spped of sound in monolayers compressed at
10 dvnes/cm.
Substance Speed (metres/sec. )
egg albumin 1 ‘0
oleic  acid. 0-6
stearic acid 4
lecith in  0*5
Kf
These speeds are slower than would be expected 
theoretica lly , since a layer of water is  dragged along v/ith 
the monolayer (Schulman and T eorell, 1938).
The speeds of nerve impulses for comparison in various 
nerves are :
Nerve Speed (m etres/sec.)
Pregaiglionic myelinated and 
aj)|erent amyelinated fibres 0*3 -  1-6
in man.
Postganglionic fibres in man 1 0 - 2 0
Large motor fibres 100
Of course, the complicating factor of ATP which maintains 
the contraction wave has not been allowed for. Nevertheless, 
these figures are suggestive. There is  an equally great range 
of speed in acknowledged protein folding mechanisms in 
muscular contraction, e .g . lOO/sec. in wings of small insects 
S '/sec . in some voluntary muscles in man, the contractions of 
involuntaiy muscles requiring several seconds; also in the 
speed of c ilia ry  contraction (lO/sec. c f . the analogous speed 
of retraction of psaudopodia, requiring 20 -  30 secs, in A, 
proteins.
(g) The Ageing of Cells
The greatest age to which it  is  possible for man to live  
has long been the subject of speculation. Various theories 
involving toxins, trauma, etc. ,  have been advanced to account 
for the wearing out of old c e lls .
It is  evident from the concept of t a i l  organiser that 
sooner or later i t  is  going to become exhausted. A c e l l  has
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only a fixed amount of activ ity  at i t s  disposal, depending 
on the interaction of t a i l  organiser and depolariser (a 
nucleus or nucleus-derivative) with the cytoplasm.
In c e lls  which can undergo mitosis a new burst of 
energy i s  provided when the new ta i l  organiser is  released 
into the cytoplasm at nuclear division. In d i f f e r e n t i a t e d  
c e l ls ,  however, something prevents division and the t a i l  
organiser is  never replenished. The progressive syneresis 
or lo ss  of water which goes on throughout the l i f e  of the 
c e l l  would be contributed to by changes occurring in the 
cytoplasm as a result of the ATP originally in the cytoplasm 
as a nucleic-acid - lik e  complex passing into the depolariser.
(h) Sexual Reproduction.
The marked rev ita lis in g  effect of sexual reproduction in 
a c e l l  which has been reproducing vegetatively for some time 
may be explained sim ilarly in terms of depolarising granules.
A conspicuous feature of conjugation in many c e lls  is  the 
complicated and numerous divisions of the nucleus and i t s  
accessories. (Sometimes nucleus and depolariser are combined, 
as in the amoeba; sometimes they are separate, "s in 
f la g e lla te s ) . For example, in Paramecium the roeganucleus^ 
d\fisdve^ inTb'^ e cytopksm and the mic-mnucleus (in  which the heredity 
particles are)diuid&sixtimes,j t^ each division there is  the 
opportunity for t a i l  organisers to be shed into the cytoplasm. 
Conversely, in the production of the egg c e ll  (e .g . in flowering 
plants) there is  a conspicuous throwing out of the c e l l  of
parts of the nucleus resulting from numerous successive 
divisions. Thus, the nucleus that is  le f t  is  deficient in 
some c r it ic a l substance as is  i t s  cytoplasm; whereas in  
conjugation o f /Parameciumt^t ie  whole of the material is  
retained within the c e l l ,  the cytoplasm gets the benefit of 
what is  ejected from the nucleus.
(h) The p ossib ilitv  of making liv ing ce lls  a r t if ic ia l ly .
Enough has been said in th is thesis about the function
of the c e l l  membrane and nucleus for i t  to be w ort^hile to 
carry out te sts  with models composed partly of cellu lar  
material and partly from material of known chemical structure 
and composition.
For example, by constructing a c e ll  with cytoplasm sucked 
out of a liv ing  amoeba and a membrane made o f, say, an 
ovalbumin -  olive o i l  lipoprotein film , i t  should be possible  
to locate the t a i l  organiser as either in the membrane i t s e l f  
or in the liquefying cortical gel.
How the amoeba renews i t s  plasma membrane every two 
minutes could also be elucidated in th is way. I f  an 
a r t if ic ia l  c e ll  with artificial membrane could be induced, say 
by injections of ATP, to stream forward by it s  own length, then 
one of two things could happen :
( i )  It may stop when the effect of the injected ATP had worn ofi
( i i )  It may continue moving in d efin itely . In th is case i t  
would be reasonable to conclude that a normal type of membrane 
had been elaborated from the cytoplasm. The presence and
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absence of nucleus, or fragments of nucleus, could be tried.
The lipoprotein membrane could be made by blov/ing a bubble 
of cytoplasm under the chosen o i l ,  then dragging i t  through the 
interface between o il  and a protein solution thus covering it  
with the film  (D anielli, 1936).
It may perhaps seem incredible that protein-folding could 
be the basis of so many v ita l functions. Yet i t  is  a fact that 
these functions ex is t , and the most complex and versatile  
substance found in them so far is  the protein.
This point might be illustrated  by a remark related to 
have been made by Szent-Gyorgyi at .foods Hole last year. He 
said that he had wondered how the c e l l  carried on a l l  these 
v ita l functions and when he died and went to heaven he was 
going to ask God how he did i t .  God would pat him on the 
shoulder and say ; "My boy, I only had one trick -  but I used 
i t  every time I"
8. Expérimental Methods and Materials
(^) Culture and Handling of Amoebae.
Amoebae were picked up singly under the dissecting  
microscope by sucking them ikf© a pipette-a-bouche (de Fonbiune, 
1949), This consists of a drawn-out glass tube with a smooth 
tip  of about lOOyH internal diameter, connected by 18" of rubber 
tubing to a glass mouth piece. Any required amoeba could 
readily be picked up.
They were cultured in f la t  refrigerator boxes, with glass 
l id s , kept in a diffuse lig h t. The medium was a balanced 
sa lt-so lu tion  devised by Ghalkley ( ), to each 150 ml. of
which four boiled wheat grains were added, in each dish. The 
f la g e lla te  Chilomonas on which amoebae feed was inoculated into 
the dish, together with the amoebae. After a day or two the 
wheat grew mold at i t s  t ip s , and a white c irc le  of bacteria 
fonned on the bottom of the dish around each grain. This was 
succeeded by a yellower c irc le  of f la g e lla te s , which ate the 
bacteria, and la ter  by a white c irc le  of amoebae, just 
distinguishable as individuals by the naked eye. In about 
3 - 4  weeks each inoculation had usually produced a few thousand 
amoebae. The colonies were maintained by sub-culture about 
every 3 - 4  weeks.
The amoebae used in the experiments were A. proteixs and 
A., discoides, which behaved sim ilarly in the experiments. To 
eliminate one source of variation, a culture of A. discoides . 
was used which had been grown from a single individual. This
was picked out and placed in a solid  watch glass containing 
1 . - 2  mis. of medium rich in f la g e lla te !in  which a colony 
had been growing, but freed from amoebae. about every 2 days 
i t  divided, and after lU days, when several dozen arnoebae vmre 
present, they were sucked up and used to inoculate a fresh dish.
For prolonged high-power observation, amoebae,placed in 
o il  chambers, i . e .  were pipetted into small drops on a coverslip 
which was inverted, on a glass s lid e  with raised sides and the 
space f il le d  in with paraffin o il  (Fig
iw. drop
Fy ki-
Neutral red solution could be injected by passing a 
pipette-a-bouche through the o il .  It was found convenient 
when looking for the neutral red effect to inject a drop of 
i t s  solution of high concentration in the centre of a drop of 
about a dozen amoebae, and as the dye diffused outwards a range 
of concentration formed so that at least some of the amoebae 
were in a solution of the right concentration. Then dye 
concentrations estimated near th is effective concentration were
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made up in Ghalkley’s medium and 2 mis. placed in solid  watch 
glasses with a drop containing about 6 amoebae. M ter mixing, 
the amoebae were sucked up and placed in the o il  chamber for 
observation or cinematography.
Amoebae were cut in pieces or microinjected in these o il  
chEunbers, by means of the de Fonbrane pneumatic micromanipulator, 
with a ratio of needle movement ; hand movement which could be 
varied between 1:50 and 1:1000. The technique of injection  
was as described by de Fonbrane (1S49) in his book "Technique 
de ffiicromanipulabion", which also describes the meteodi used 
for making of the microneedles and micropipettes by the 
microforge.
Bribfly, amoebae were pulled by a glass hook against the 
oi1-water interface around the drop in the o i l  chamber. The 
micropipette was poked through th is interface straight into 
the amoeba, so that i t  did not enter the aqueous medium with 
the risk of injecting some of the solution into the external 
medium of the amooba.
After injecting an amount measured by the motion of the 
meniscus in the p ipette, the pipette was withdrawn, the amoeba 
was immediately released from the hook and i t s  motion 
observed.
Oare was taken to see that the tip  of the pipette was 
really inside the c e ll  and not merely pushing the membrane in. 
This was ensured by sligh tly  withdrawing the tip  -  granules 
in the cytoplasm followed the motion of the tip  (as i f  sticking  
to i t ) ,  rather than the motion of the membrane.
(b) Root hairs of niants.
Seods of mustard, cress, lettu ce, cabbage were germinated 
on moist f i l t e r  paper in a partly-closed petri-dish. After 
about 3 days the root was a few millimetres long and had a rich 
growth of root hairs. The roots wore cut o ff and laid on a 
hollow s lid e , covered with the solution and a coverslip , and 
suitable hairs chosen for observation. There were so many 
that a considerable number could usually be found lying parallel 
to the coverslip.
A lternatively, thick sections (about amm) were cut through 
the root hair zone at 90 çleg ceet to the root axis and laid  f la t  
on the slid e  with a wet paint brush. Then a l l  the hairs were 
parallel to the coverslip. This method damaged some of the 
longer hairs.
Some trouble was encountered due to the bursting of the 
tip s  of the hairs when placed in the neutral red 'solution.
This was overcome by adding sucrose to the solution to increase 
the osmotic pressure, from 2 - 1 0  per cent being required, 
according to the s ize  of the c e l l .
(c) Fungi.
Neurospora was inoculated on to moistened bread, which 
had previously been s ter ilised  in an autoclave. iften the 
bread was covered with a luxuriant pink growth after a few days, 
small pieces of i t  were taken on s te r ile  platinum wire and 
placed aseptically  on coverslips, which were inverted over 
hollow microscope slid es and the edges sealed with vaseline. •
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After a day the mold had grown in a thin net one c e ll  
thick over the entire coverslip. Spots of neutral red 
solution of varying strength were placed a-t different parts of 
the net with a pipette-a-bouche and the coverslip replaced.
Accumulation at the ends of the c e lls  became evident in 
about 10-30 minutes. Streaming of the cytoplasm was not often 
noticeable.
(d) Metazoon c e lls
( i )  The writer is  indebted to Dr. Charity Weymouth for 
preparations of chick embryo heart and liv er  and Rous sarcoma 
growing in clotted plasma -  in the form of a ma. piece of 
tissue with c e lls  growing out a l l  round the periphery. The 
coverslips bearing the clot were prized off the hollow s lid e , 
a spot of neutral red solution added and the coverslip replaced. 
As the dye diffused into the clot the c e lls  at the bottom were 
affected f ir s t  and so the process could easily be follov/ed in 
a l l  stages. Usually accumulation was marked in 2-hour.
( i i )  Cell  suspension in Ringer Solution,
Organs were dissected out of a freshly k illed  rat and 
small pieces placed in Ringer. Then they were teased with 
needles and a tiny piece selected under the dissecting  
microscope, sucked up in a pipette-a-bouche, transferred to a 
coverslip and teased further i f  necessary with fine needles 
to separate the c e l ls ,  then covered with paraffin o i l  to prevent 
evaporation. The resulting suspension contained single c e lls  
and clusters of several adhering c o lls . A drop of neutral
/6o
red was injected into the centre of the suspension to produce 
a concentration gradient and at the optimum concentration the 
effects  described were observed.
( i i i )  Snail embryo c e lls .  Snail embrjros were dissected  
'•'out of snail eggs when at about the lOO-cell stage, with 
teasing needles, sucked up in some of the original egg medium 
and flattened between a coverslip and s lid e , producing a single 
layer of c e l ls .  Neutral red was run under the coverslip and 
in about half-an-hour accumulation as a red cap on one side 
of the nucleus was conspicuous.
(e) Measurement of in tracell ular concentration of dves.
Small drops of d ilu te gelatin  solution containing a 
series of concentrations of neutral red were placed in a row 
along a coverslip , and allowed to dry, giving a series of spots 
of graded density. The coverslip was cut so as to f i t  inside 
the microscope eyepiece on the micrometer sh e lf, so that i t  was 
in the same focal plane as the image from the objective. The 
density was calibrated by means of solutions of neutral red of 
known concentration and thickness, placed on a glass microscope 
slid e cemented,underneath^to another made of perspex which had 
, holes d rilled  through i t  to hold the dye solution.
Now there must be large deviations from Beer’s Law (that 
the optical density i s  proportional to the concentration) at 
concentrations as high as that in the c e l l  (nearing saturation) 
-and especially  in the presence of protein. It was therefore 
only possible to state that the depth of colour in the amoeba’s 
t a i l ,  or in the vacuole of the root hair, was equal to that in
Ifel
a 1 ram. column of neutral red of n per cent concentration.
The figures are therefore only a rough guide. without 
preparing actual liv ing  protoplasm in bulk, i t  is  d ifficu lt  
to see how one could measure colorimetrically a concentration 
in protoplasm accurately. Dead protoplasm would not do, for 
i t  was shown in Part A that the protein error of neutral red 
as an indicator reversed sign on dénaturation, so that it  
would be d iff ic u lt  to allow for the effect of the protein on 
the density imless one were sure of the condition i t  was in 
in the liv ing  c e l l .
( f ) Optical micrometre.
k 1 cm. scale divided into 100 equal parts was placed
and
in the eyepiece of the microscope, a calibrated with a
microscope slid e  on which a 1 mm. scale divided into 100 equal
pai-ts was engraved. By viewing the object and the eyepiece 
scale at the same time, the size of the object could be 
measured.
^  4 e n o $ i n e  t r / p h o s p h a t e
A sample^ ponf i - i èd  t h r o u g h  t h e  m e r c u r y  ai^d
Sal t s   ^ w  as  ki nd l y  p r o v i d e d  h y  -Zk. &■ kJillldms ~ fish m a n
Ibt.
9. Goncluding Remarks.
Osmotic work and cytoplasmic streaming are inter-related. 
Both processes, however, appear to be merely offshoots of a 
much more important process. The energy required for osmotic 
work is  only a small fraction of that actually used in the 
extra respiration that salt-accumulation induces, and the work 
involved in amoeboid movement i t s e l f  is  small compared with 
the oxygen consumed.
Robertson (1941) has calculated that the salt-induced 
respiration results from an expenditure of energy about 200 
times the osmotic work involved in the concentration of 
potassium occurring in the same time. Similarly, Heilbrum 
(1937) has shown that amoeboid movement requires only a surface- 
tension difference of 0-Û1 dynes/cm. between the front and the 
back of the c e l l .
Protein-folding and -unfolding appear therefore to be 
required for something much more fundamental in the c e l l .  In 
fa c t, Stewant and Preston (1941) have shown that accumulation 
does not occur in potato discs unless protein synthesis is  
taking place. This probably involves enzyme reactions which 
are assisted  by th is rhythmic change in form of the molecule. 
The products of the reaction would be squeezed o ff the surface 
of the enzyme when i t  folded up, but while adsorbed i t  would be 
kept out of the back reaction. This may be concerned with the 
folding-up of the newly-formed protein molecules themselves.
The folding-unfolding cycle in the c e l l  would be analogous to
lA l
the driving wheel in a workshop, which can be harnessed to 
drive various machines by le ttin g  in a clutch. The machines 
driven would be the other enzymes which change their state  
of folding rhytlmiically (changing each molecule of substrate) 
but which are unable to fold  up of their own accord. Their 
adsorption (clutch mechanism) on to the contractile myosin f ib r il  
would do th is for them.
In th is way ATP, which works the folding-unfolding cycle, 
could be harnessed to drive any other reaction which involves 
a folding-unfolding cycle (coupling).
A muscle c e l l , ' for example, is  not something apart but 
an ordinary c e ll  in which the already contractile protein 
chains are aligned so that contraction of the c e ll  a l l  at once 
becomes a conspicuous feature. The same contractile chains 
may do other things as w ell, e .g . ,  osmotic work and secretion.
Nervous impulse, the e lec tr ica l c e lls  of fish  and 
secretion may a l l  turn out to be different aspects of the same 
phenomenon, the c e l l ’s geometry being altered so that some 
particular aspect of protein folding is  brought to the fore.
It might be f it t in g  to conclude with some stimulating 
remarks made by Astbury and Szent-G-yorgyi on protein folding 
and liv ing processes. Astbircy„ speaking on the structure of 
the protein molecule, says, "Such a plan is  su ffic ien t to 
explain the observed striking physical unity amid chemical
d iv e r s i t y ............  the keratin-myosin-fibrinogen group
represents the power of the c e l l  to synthesise e la stic
fibroproteins of a standard molecular form, the d eta ils  of 
which can be adapted to as many ends as the process of 
differentiation  demands".
Szent-Gyorgyi (1947), having shown that the actomyosin- 
ATP system is  extraordinarily sensitive to changes in the ionic 
balance of the medium, points out that the same ionic balance 
is  required in different organs for normal a c tiv ity . I f  
systems other than the actomyosin-ÂÎP systems are sensitive to 
m etallic ions, (as for example the c e ll  membrane undoubtedly is )  
thenthe optimum for each system is  the same. This suggests 
that the same basic mechanism (protein-folding) operates in a 
wide variety of cellu lar  functions.
Summing up more cautiously, he sta tes, 'hAnother most 
fascinating problem is  to find out how far the relationships 
found in muscle represent general principles ill liv in g  matter, 
or how far they are sp ecific  cases only. Some observations 
suggest that the different functions of different organs are 
closely related, with the same basic mechanism adapted to 
sp ecific  purposes,
Oaffeine, which produces contraction in muscle, produces 
increased renal and nervous activ ity . V'eratrine, which 
provokes protracted contraction in muscle, produces prolonged 
flow of sa liva . I f  the same key opens different s lo ts , then 
the mechanism of these s lo ts  cannot be any too different".
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It is  not d iff icu lt  to see why the protein molecule 
has boon selected , by natural forces, to be the basis of l i f e .  
Its  unique characteristic of changing i t s  chemical and 
physical properties when the state of folding of the 
polypeptide chain is  altered, has been exploited by the c e ll .  
R elatively mild chemical or physical agents can pull the 
molecule undone so as to expose new chemical groups to the 
solution and in th is way mechanical and chemical e ffects  can 
bo reversibiy interconverted.
SUMMARY
A. The interaction of the protein molecule with substances 
of biological interest was studied. An increase of adsorption 
of dyes was found when the polypeptide chain unfolded. Several 
different methods were used : direct measurement of adsorption 
on to collapsed protein monomolecular layers, and on to heat- 
coagulated protein; and the change in the "indicator error"
of serum albumin after heat-dénaturâtion, the error with seme 
indicators even reversing ih sign.
For the preparation of weighable amounts of collapsed 
monolayers, a simple apparatus called the "inversion tube" was devised.
B. Evidence was presented that, in the amoeba, protein 
molecules unfold at one end of the cell and refold at the 
other, and that this results in cytoplasmic streaming, 
amoeboid movement and osmotic worm. This hypothesis was 
supported by tests on the amoeba’s accumulâtory mechanism 
for dyes, and its  behaviour towards injected adenosine 
triphosphate, and towards anaesthetics.
(1) Amoebae streaming in neutral red solution accumulated 
the dye at the rear end of the cell as would happen i f  
unfolded proteins with adsorbed dye folded up there and 
shed the dye.
(2) Microinjection of adenosine triphosphate caused 
contraction and liquefaction of the amoeba’s cortical gel, 
which thus closely parallels actomyosin. Contraction and 
Hquefaction occurred continuously in the amoeba’s ta il 
(which was found to be a relatively permanent part of the 
cell) suggesting a ready chemical inteipretation. The 
anticoagulant heparin when injected prevented the gelling 
of the amoeba’s plasmasol.
(3) A wide range of volatile lipophilic substances, 
including many anaesthetics, reversibiy expanded the area 
of the amoeba's plasma membrane so that it  lifted outwards 
from the granular cytwlasm, except at the ta il. This 
reflects the high surface pressure and collapse of the 
plasma membrane in the ta il.
0. The part that the folding and unfolding of proteins
may play in osmotic work, amoeboid movement, cell division, 
cytoplasmic streaming in general, rhythmic sol-gel changes, 
anaesthesia and the mechanism of response to touch was 
discussed, and its possible application in other fields 
was indicated.
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FOLDING A N D  UNFOLDING OF 
PROTEIN MOLECULES IN 
RELATION T O  CYTOPLASMIC 
STREAMING, AMŒBOID 
MOVEMENT A N D  OSMOTIC 
W O R K
By R. J. GOLDACRE and I. J. LORCH
C hester Beatty Research Institute, Royal Cancer Hospital,
London, S.W .3
IN this article evidence is presented th a t, in the amoeba, protein molecules fold up a t  one end of 
the cell and unfold a t the other, and  th a t  th is results 
in cytoplasmic stream ing and in osmotic work.
Amoeboid m ovem ent is of considerable interest, 
since it  is no t only a feature of a group of Protozoa 
bu t is also a fairly general property  of cells when 
they  are unconfined by neighbouring cells or rigid 
envelopes. F u rth er in terest is added because it  
appears th a t, in mitosis, the  division of the cytoplasm  
ju st after the division of the nucleus m ay be the 
result of two oppositely directed amoeboid m ove­
m ents w ithin the paren t cell.
Various theories have been proposed^»^ to  account 
for amoeboid m ovem ent : local differences in surface 
tension ; a  rhythm ic contraction of the cell m em ­
brane ; contraction of the cytoplasm  due to  gelation ; 
a  difference of pH , or of w ater content, between the  
front and  rear of the cell, and  so on. W hile there 
m ay be a  geim  of tru th  in some of these, they  either 
conflict w ith experim ental facts a t  some poin t or are 
quan tita tively  inadequate to  account for the am ount 
of m ovem ent th a t takes place.
I t  is now generally agreed th a t  amoeboid m ovem ent 
is due to  the contraction of the cortical gel a t  the 
rear portion of the  cell. A fter contracting, the  gel 
liquefies and the  resulting sol is squeezed forward 
along the central channel of the cell to form more gel 
on the walls of the advancing pseudopod.
Fig. 1 shows the same cell photographed a t  short 
intervals of tim e in three successive positions. Two 
pseudopodia a t  the rear of the cell are fixed points 
of reference, rem aining sta tionary  on the slide. I t  
can be seen th a t the m em brane on the left of them  
becomes greatly reduced in area in half a m inute. 
The m em brane m ust be dissolving, for otherwise the
cell would soon become filled w ith it. The p a r t th a t 
is dissolving (tad) has a w rinkled appearance ra th e r 
like the  appearance of a  m onom olecular layer of 
p ro te in  or lipo-protein seen under the microscope 
after it  has been collapsed by compressing it  on a 
Langm iiir trough. Solution of the  m em brane is 
probably  due to  the  folding up of its  p ro te in  molecules 
into the  globular form^ as a resu lt of two-dim ensional 
compression arising from the  contraction  of the 
cortical gel a ttach ed  to  it.
The ta il is a relatively  jDcrmanent p a r t of the  cell, 
in con trast w ith  th e  advancing pseudopod and  the 
adventitious lateral pseudopodia. The m em brane a t  
the  ta il is m uch m ore firm ly a ttach ed  to  the  cy to ­
plasm  th a n  a t any other p a r t of th e  cell. This can be 
dem onstrated  by a wide varie ty  of reagents. W hen 
am œ bæ in a hanging drop are exjDosed to  th e  vapour 
of p ractically  any  volatile fat-soluble substance, 
such as chloroform, ether, benzene, hexane, phenol, 
ethanol, and, notably , osmic acid, the  m em brane lifts 
aw ay from  th e  cytoplasm  by  ab o u t a  q u arte r of the 
cell’s d iam eter, except a t  the  ta il, where it rem ains 
a ttached .
The gel in the  ta il liquefies a fte r i t  has contracted 
to  abou t a  q u arte r of its  original length. I t  appears 
as though it  contracts as a  resu lt of some substance 
secreted on to  i t  from a body in  th e  ta il— a ‘tail 
organiser’. As the ta il advances, i t  liquefies each 
p a rt of the  cortical gel in tu rn . The ta il is pulled 
forw ard continuously by  the  contraction  of the 
cortical gel a ttach ed  to  it.
W orking H ypothesis
I t  is likely th a t  the  p ro te in  molecules in the  liquid 
p a r t of the  cytoplasm  m ust be folded up, since alm ost 
all Imown pro teins gel w hen unfolded (for exam ple, 
by  heating), when in as high a concentration as they  
occur in cells ( th a t is, abou t 10-20 per cent). The 
p ro te in  molecules in  th e  gel w ould be unfolded in 
order to  form  an  interlocking netw ork of fibres. The 
change from  gel into sol as a  result of the  folding-up 
of th e  molecules would thus cause a  contraction 
during the  first p a r t of th is  process, as shown in 
Fig. 2.
A d iagram m atic representation  of the  p ro te in  
molecules in the  amoeba would be as shovm in 
Fig. 3.
The sizes of pro te in  molecules m ake i t  feasible to  
handle them  diagram m atically  as shown here ; for 
the  length of an  amoeba (0*3 mm. for A . discoides) 
could be spanned by  the  unfolded polypeptide chain 
of a p ro te in  molecule of m olecular w eight 100,000,000. 
and  th e  cortical gel would correspond to  th e  thiclm ess 
of abou t 10,000 w et p ro te in  m onom olecular layers.
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FîK. I. Amœba discoides, pliotoRniplied in three successive posi­
tions, showing contraction of cortical gel and cell membrane in 
the tail region
Gel
Contracted Gel
t/U IfU WJ 
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Sol— molecules 
no longer 
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Fig. 2. Diagrammatic representation of the folding-up of protein 
polypeptide chains in the protoplasm
Testing o f  Model
Tlio model postu lated  for th e  cell predicts the 
existence of certa in  phenom ena :
(1) Osynotic work, that is, the concentration of 
material against a concentration gradient. W hen p ro ­
tein  molecules are unfolded, th ey  have m ore surface 
area available for th e  adsorp tion  of o ther molecules 
th an  when th ey  are folded up, since th e  side-chains 
used to  hold one p a r t  of th e  polypeptide chain to  
ano ther p a r t  in th e  folded globular molecule become 
free and  tu rn  tow ards th e  solution and  can then  
adsorb o ther substances. In  accordance w ith  th is, 
i t  was found th a t  egg album en adsorbed eight tim es 
as m uch dye w hen unfolded as a  m onolayer as 
when in  a  globular form  in solution ; sim ilarly, 
Oster^ has found th a t  tobacco mosaic virus increased 
its  u p tak e  of dye 300 tim es when denatured . This 
difference betw een ovalbum in and  th e  virus is to  be 
expected, because larger molecules have a  higher 
proportion  of th e  side-chains buried w ith in  the 
molecule.
In  th e   ^am œ ba, th e  unfolded molecules in the  
cortical gel should adsorb th e  m ateria l from  th e  
environm ent, and  w hen th ey  fold up  in th e  ta il they  
should desorb it. Thus, in tim e, a  large am ount of 
m ateria l should be released in to  th e  tail.
Amœbæ were placed in a  d ilu te  (0*01-0*001 per 
cent) solution of N eu tra l R ed, and  w ith in  a few 
m inutes accum ulated  th e  dye in th e ir  tails, b u t only 
when actively  stream ing. The advancing pseudopod 
was alw ays colourless. Am œbæ which were n o t 
stream ing, however, becam e sta ined  uniform ly 
around  th e  periphery. This shows th a t  th e  colour in 
th e  ta il is n o t due to  a  stainable body there, b u t is 
a  function of th e  m ovem ent of the  cell. "When a  cell 
died or becam e cytolysed, the  whole of the  cytoplasm  
becam e quickly stained , m uch m ore in tensely  th an  
w hen alive. This shows th a t  the  whole of th e  cy to ­
plasm  is stainable, and  th a t  i t  has a  m echanism  for 
releasing itse lf  from  the  dye i t  has taken  up.
' The p ro te in  released from  th e  dye stream s forw ard 
and  takes p a r t  in  fu rth er accumuia^tory cycles. W hy 
th e  N eu tra l R ed  does n o t stream  forw ard w ith  it  is 
n o t clear. I t  does n o t appear to  be trapped  in a 
vacuole, as in  p lan t cells (v.i.), b u t w hen in high 
enough concentration  causes some small local p re ­
c ip ita tion  of protoplasm , w hich can be felt as a  h ard  
lum p w ith  th e  m icrodissecting needle. WTien th e  cell 
is in  a  solution of lower concentration, however, th e  
N eu tra l R ed  does stream  forw ard w ith  the cytoplasm  
and  eventually  appears d istribu ted  in w h at have been 
called “n eu tra l red  vacuoles” ®.
(2) Contraction induced by adenosine triphosphate. 
'I’ho changes occurring in the amoeba’s ta il are 
paralleled by th e  action of adenosine triphosphate 
on the actom yosin gel. Thus, addition of adenosine 
triphosphate causes the liquefaction of the acto ­
myosin gel, and  the contraction of an actomyosin 
fibre®. Accordingly, a  1-3 per cent solution of 
adenosine triphosphate, adjusted  to pH  7 w ith 
sodium hydroxide, was injected into the am œba, 
w ith the  following result : (1) when injected into 
the tail, the speed of stream ing of the am œ ba and 
the area of the widnkled ta il region was increased 
several tim es ; (2) when injected into the advancing 
pseudopod, the stream ing of the am œ ba reversed ; 
(3) when injected into the centre of the am œba, i t  
became crinkled all over and developed a kind of 
rigor. W ith  larger am ounts the cell rapidly p u t out 
pseudopodia and withdrew them  all over its surface. 
This was rem iniscent of the ‘bubbling’ which occurs 
in am œbæ and in tissue culture cells during the final 
stages of nuclear division. Since prodding the cell 
causes some disturbance, control injections were 
carried out w ith distilled w ater .and various salt 
solutions, b u t w ithout effects comparable w ith those 
of adenosine triphosphate.
The effect of adenosine triphosphate lasted less 
th an  a m inute and the substance could be injected 
repeatedly to produce the same effect. In  contrast 
w ith distilled w ater and physiological salt solution, 
which tended to  be pinched off as a bubble, adenosine 
triphosphate m ixed w ith the cytoplasm  and was 
rem arkably innocuous.
(3) Liquefaction by heparin. In  the advancing 
pseudopod the cytoplasm  clots on the freshly formed 
mem brane to  form new cortical gel. Injection of the 
anticoagulant, heparin, was found to  prevent this 
process. The cytoplasm  liquefied a t  the  site of 
injection of a  0*1 per cent solution, and the pseudopod 
extended from th a t  spot was spherical, not cylindrical, 
indicating the absence of cortical gel. The whole of 
the  cell poured out into th is spherical pseudopod. 
Injection of heparin thus acts as an additional control 
experim ent.
Summarizing, adenosine triphosphate and heparin 
have opposite effects : adenosine triphosphate causes 
the m otion of the  cytoplasm  away from the .site of 
injection, and  heparin causes m otion towards it.
Discussion
I t  is tem pting to  speculate about the chemical 
details of th is contraction process. One m ight 
imagine an  enzyme in the  ta il (the ‘ta il organiser’) 
producing a substance like adenosine triphosphate
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Fig. 4, Arnæha discoides, after streaming for 15 minutes m 0-1)03 
per cent Neutral Red solution, showing accumulated dye m  the 
tail (left-hand top)
from  a  precursor w idely d istribu ted  in the  cytoplasm . 
Xhe ‘ta il organiser’ gradually  becomes exhausted  and  
the cell rounds up  prio r to  division. Cytoplasm ic 
m ovem ent is n o t conspicuous again u n til nuclear
6
division takes place. The ‘resting’ nucleus has m ean­
while m ade two ‘tail organisers’, and throw s these 
out when it divides, releasing a t first large quantities 
of adenosine triphosphate-like substance. This 
causes ‘bubbling’ of the cell and  eventually contrac­
tion of the cortical gel in the cleavage furrow. The 
cytoplasm  is ‘revitalized’% and the  two nascent 
daughter cells, now having tail organisers, move 
ap art by ordinary amoeboid m ovem ent, a t  first as 
parts  of the paren t cell, and later as separate indi­
viduals. In  support of this is the fact, revealed by 
speeded-up m icrocinem atography (of fibroblasts in 
tissue-culture, as well as of amœbæ), th a t the tails 
of the  daughter cells originate from the  cleavage 
furrow of the paren t cell.
The advancing stream  of cytoplasm  from the  tail 
flows over the nucleus, which m aintains a central 
position. The nucleus increases in size during cy to­
plasmic stream ing. I t  appears to  a lter the  plasmasol 
in such a w ay th a t i t  can gel again on the walls of 
the  advancing pseudopod. Enucleation of the 
amœbæ causes a tem porary bubbling, and afterw ards 
the cell stream s only feebly and intermittently®»®. 
"When the nucleus is p u t back the cell resumes con­
tinuous and vigorous stream ing w ithin a  short 
period®»^®. Thus, a function of the  nucleus—aj^art 
from the p a rt it  plays in heredity—appears to  be 
th a t  of a  depolarizer, in the same w ay as the  de­
polarizer in the electric cell (the current is weak and 
in term itten t w ithout the manganese dioxide or other 
oxidizing agent, b u t strong and continuous w ith it). 
The nucleus m ay collect the  adenosine triphosphate- 
like substance and  its breakdown products secreted 
by the  ta il (hence the ‘bubbling’ of the enucleated 
am œ ba),_ accum ulating th is m aterial and resynthesiz- 
ing from it  two ta il organisers ' which i t  ejects a t 
nuclear division. I t  m ay be th a t the division of the 
nucleus is triggered-off- by  the accum ulation within 
it  of more th an  a  critical concentration of these 
adenosine triphosphate breakdown products. This is 
supported by Schaeffer’s^^  observation th a t am œba' 
divided on an  average every two days, b u t if  one of 
the tw^o daughter cells resulting from a particu lar 
division divided earlier than  this, then  the other 
usually divided later. This suggests th a t  some sub­
stance connected w ith the  triggering of m itosis is 
occasionally divided unequally. However, it  is 
unwise to  take th is speculation too far w ithout 
chemical d a ta  on the distribution of adenosine t r i ­
phosphate-like substances between nucleus and cy to­
plasm a t  various stages from one division to the next.
Some Generalizations
The question arises w hether protein-folding is a
special arrangem ent m et only in the  am œ ba or a  
general phenom enon occurring in o ther cells. I t  
certain ly  appears th a t  tlie same process goes on in 
o ther types of cells although in a different geo­
m etrical guise. F or exam ple, in the root hairs of 
p lan ts  there is a  vacuole near the tip  over which 
cytoplasm  stream s, bodily reversing its direction 
ab o u t every five m inutes. Cytoplasm  and  vacuolar 
m em brane, being in contact, move practically  together 
so th a t  the  m em brane moves aw ay from  one end of 
th e  vacuole and  would accum ulate a t  th e  other, 
unless i t  dissolved there. P resum ably  th e  protein  
molecules are folding up  a t  th e  end of the  vacuole 
tow ards which th e  cytoplasm  stream s. In  support of 
th is it  was found th a t  N eu tra l R ed accum ulated 
there  when various roots were placed in  a  solution of 
the dye. Then, on reversal of stream ing, it accum u­
lated  a t  th e  o ther end.
Again, in  th e  sep ta te  hyphæ  of the  m ould Neuro- 
spora, N eu tra l R ed  accum ulated  a t  the  end of each 
cell, as in am œbæ.
Speeded-up cinem atography reveals th a t  fibro­
blasts in tissue cu lture  are like am œ bæ in which th e  
various contractile  elem ents have been liberated  
from the  cortical gel and  have gained a m easure of 
independence so t h a t . they  are n o t all forced to  
con trac t a t  once. I t  m ight be expected th a t  each 
contractile  elem ent in  th e  cell would ac t as an  inde­
pendent accum ulatory  m echanism , and  in  support of 
th is  i t  was found th a t  chick fibroblasts in N eu tra l 
R ed solution accum ulated th e  dye w ith in  h a lf an  
hour, in  th ree or foiu* diffuse clouds a t  various pai'ts 
of th e  cell.
The p ro te in  molecule is unique in  th a t  its  chemical 
and  physical properties are g reatly  altered  by  changes 
in  th e  degree of folding of th e  polypeptide chain. 
T h a t th is  p ro p erty  m ight be exploited-in  living cells 
an d  be th e  basis of m any  v ita l phenom ena has been 
suggested, especially by  A s t b u r y ^ ^  and  Szent-Gyorgi®. 
The reversible conversion of a  m echanical in to  a  
chem ical effect, b y  pulling a p ro te in  molecule undone 
so as to  expose new side-chains to  the  solution, m ight 
conceivably be th e  basis of protoplasm ic m ovem ent 
in  general ; of secretion, especially where, as in  renal 
and  gastric secretion, osmotic w ork is a  m ajor feature ; 
and  even of electrical effects across m em branes, as in 
th e  electric organs of fishes, m uscular contraction  and  
nervous conduction where any  folding of p ro te in  in 
th e  surface w ould be expected to  change the  po ten tia l 
across it.
A m ore detailed report will be published else­
where.
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MODE OF PRODUCTION OF 
CHROMOSOME ABNORMALITIES 
BY THE NITROGEN MUSTARDS; 
THE POSSIBLE ROLE OF 
CROSS-LINKING
By R. J . GOLDACRE, A. LOVELESS 
and W. 0 . J .  ROSS
o
tion of a  cyclic ion from  the arom atic nitrogen 
m ustards, while the  possibility of the  transito ry  
existence of such an ion cannot, of course, be 
com pletely excluded. The evidence against the 
existence of a  cyclic ion is, briefly, as follows : (1) the 
am ount of halide ion liberated is a t  all tim es equal 
to  the  acid ity  produced, and  it  can be assum ed th a t  
no quatern ization  of the nitrogen atom  occurs ; (2) 
the instantaneous reaction w ith  th iosulphate, which 
has been used as a  m easure of the  concentration of 
the  cyclic ion, is n o t observed w ith these compounds ;
(3) although S. D. Ross has shown® th a t  1-diethyl- 
amino - 2 -chloropropane undergoes a rearrangem ent on 
hydrolysis which is in terp re ted  as involving the  
closing of the  ethyleneim onium  ion followed by  re ­
opening of the  ring a t  a  different point, the  analogous 
arom atic com pounds have no t been found to  undergo 
such a  change.
I t  has already been suggested th a t  the cytotoxic 
ac tiv ity  of the  nitrogen m ustards m ay be due to  the  
alkylating effect of th e  halogenoalkyl group on 
functional groups of body constituents. Thus the 
active aliphatic compounds react w ith  am ino, sul- 
phydryl, carboxyl and  imidazole groups in proteins® 
and  alm ost certainly  w ith am ino and  secondary 
phosphoryl groups in nucleic acids, as has been found 
for d i(chloroethyl) sulphide, one molecule of which 
m ay react w ith  two groups^. Now there is consider­
able evidence®»®»^® th a t  groups such as these in the 
protein  molecule are no t always accessible, b u t are 
a t  some tim e buried w ithin the molecule, owing to  a 
change in the  folding of the polypeptide chain, which 
is held by  Astbury^^ and  Seifriz^^ to  be the basis of 
protoplasm ic con tractility  in general. In  particu lar, 
it  is suggested th a t  the  shortening of prophase " 
chromosomes is a  continuation  of the shortening by 
m olecular folding of the  chrom osom e’s constituen t 
fibres, which m ust a t  some stage in the  resting nucleus 
be' com pletely unfolded to  ensure th a t  all p a rts  of. 
the  tem plate  contribute  to  re-duplication.
A p art from  the possible im plication contained in 
the  paper by B arron et al.^, no explanation has so 
far been given of the necessity for two halogenoalkyl 
groups in a single molecule. A fresh .possibility is 
now suggested, nam ely, th a t  the  two groups are 
required to  perm it the molecule to  react a t  two 
d istinct points, lying either on a  single surface or 
fibre or, m ore especially, on two contiguous fibres. 
Thus, when the. first haloalkylam ino group has 
become anchored to  a  reactive centre, the  second
group approaches and can react with another centre 
either on the same protein chain or on an adjacent 
one. The possibility th a t cross-linking m ay play a 
p a rt in the action of m ustard  gas on the nucleic acids 
has already been considered by Elmore et in an 
investigation which these authors believed m ight 
provide an explanation of the cytological effects of 
m ustard gas as described by Koller^®, Robson^'^ and 
Fell and Allsopp^®.
Of the various possibilities, cross-linkage between 
separate fibres is of particular interest when con­
sidered in the light of the assum ption th a t reaction 
is directly with the genetic m aterial. The la tte r has 
already been postulated in respect of chemical 
mutagenesis^®, while it is known th a t the cell is m ost 
susceptible to the effects of the m ustards immediately 
prior to mitosis when the chromosome has ju st re ­
duplicated^ There is therefore a t  this time a system 
in the cell consisting of parallel identical fibres, the 
gene strings of the sister chromatids. Moreover, the 
fibres are extended in the process of re-duplication 
and could be, by analogy w ith stretched elastic 
polymers, a t  their highest energy : it is not
difficult to visualize breakage -of chrom atids or of 
whole chromosomes as th e  direct consequence of 
interchrom atid cross-linkage a t this tim e (for example, 
fragm entation could result from tension upon the 
extended threads of the interphase chromosomes 
cross-linked so as to produce a junction stronger than  
the fibres themselves). Furtherm ore, the possible 
uniqueness of such a  system  in the cell would account 
for the high degree of specificity of action shown by 
compounds of this type. The cytological changes due 
to the m ustards are rem arkably similar to those 
observed after trea tm en t by X-radiation^®, and in 
the la tte r case equally it would appear w orthy of 
investigation 'w hether the effects are due to cross- 
linkage between adjacent protein chains. Such a 
union could arise, for example, by the interaction of 
two — SH groups under the oxidative influence of 
X -radiation which is known to occur in  vitro.
Consideration of the above principles has suggested 
th a t m any other molecular types, containing two or 
more groupings capable of similar reaction with 
functional centres in biological systems, would be 
effective as cytotoxic agents. Examples are already 
known of active compounds in which the two requisite 
haloethyl groups are a ttached  to  different nitrogen 
atom s (for example. I I I ,  IV), and i t  is obvious th a t 
a great num ber of variants, especially involving
3
heterocyclic types and  m odification of the  side-chains, 
calls for investigation : work along these lines is 
proceeding, as also upon the  possible antagonistic 
action of thiols, and  will be reported  la ter.
CH^CH,
N CH,0H,C1 OH. .
CHo CHa
AHa OHg
\  /
N . CHoGHoCl
GH.CHaCl
GH.GHaGl
CHo .
GH2GH3 
(HI) (IV)
One compomid of th is type upon which prelim inary 
tests  have been m ade is di(iodoacetyl)! : 2-phenyl- 
enediam ine (V). In  tests on larvæ of Triturus palmatus 
typical rad iation  effects were produced in epithelial 
cells, fragm ent form ation and  anaphase bridges both 
w ith and  w ithout accom panying fragm ents being 
observed. The com pound ‘M apharside’, 3-amino-4- 
hydroxyphenylarsenoxide (VI), which can undergo a 
reversible condensation reaction w ith  a  pair of — SH 
groups^®, has also been*tested in the  same m anner. 
In  th is case the  effect was to  produce ‘stickiness’ 
after a  few hours, and  a t  periods of 24-48 hours after 
trea tm en t, anaphase bridges w ith and  w ithout 
accom panying fragm ents : no fragm entation was
observed except in association w ith bridges.
^ N H .C O .C H J  HOC > - A s - 0
V NH.GO.GHJ NH2
(V) (VI)
The above suggestions as to  the  m echanism  of 
action of the  nitrogen m ustards are p u t forw ard 
purely  as a  working hypothesis, and  as possibly the  
sim plest of a  num ber of a lternative  explanations 
consistent w ith  th e  chemical and  cytological da ta . 
If, hgwever, i t  is indeed tru e  th a t  chemical substances 
of these kinds produce some of their characteristic 
effects b y  reacting directly  w ith  the  uncoiled resting 
chromosomes in th e  m anner described, a  new approach 
will become available to  the  related  problem s of 
grow th inhibition, induced m u ta tio n  and  carcino­
genesis. The connexion betw een these phenom ena is • 
now receiving fu rther em phasis from  th e  fact th a t  
tum our induction by  the  nitrogen m ustards has
recently been achieved bo th  in the  aliphatic series^®, 
and  in the arom atic series®^. F u rth e r reports upon 
this last subject will be published elsewhere.
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SURFACE FILMS ON NATURAL BODIES OF WATER
By R. j. GOLDACRE 
The Chester Beatty Research Institute, The Royal Cancer Hospital, London, S.W. 3
I .  G E N E R A L
The behaviour of particles o f dust on the surface of 
ponds and rivers under the action of currents in the 
air or the water suggests that their movem ent is con­
trolled by an elastic film at the air-water interface. As 
adventitious films occur in  the laboratory in work on 
monomolecular layers and m ust be swept off before 
an experiment can be begun, it is of interest to deter­
mine whether on natural bodies of water such films 
exist, and if so to what extent. T h e presence of films 
on sea water and on som e rivers has been demon­
strated by Adam ( 193 7 ). In what follows the observa­
tions are extended and the possible ecological signifi­
cance of the films is discussed.
Surface films were detected on practically every 
natural body of water investigated in  various parts of 
England. T h e surface pressure {F) in dynes per cm. of 
the film in situ was measured by the use o f a series of 
oils of graded spreading pressures. A  drop of each 
oil was placed on the surface, starting with the oil 
with least tendency to spread, until one was found 
which expanded against the surface pressure of the 
film present. T h is gave the limits within which the 
pressure lay. T h e oils used were tricresylphosphate, 
castor oil, oleic acid and indicator oils prepared by the 
method of Langmuir and Schaeffer ( 19 3 9 ), to show  
colour changes in the range F  =  2 -5  and F = 4 - 15 , and 
calibrated on the Langm uir surface-balance. T he ex­
pansion of the oil was indicated by the movement of 
particles o f dust resting on the film, or in the case of 
the indicator oils by the appearance of the interference 
colour corresponding to the pressure at that point. 
Where the pressure was too low to be measured with  
the oil available (as w ith many of the films in the range 
F = 0 - 2 ) films were detected by placing a second 
indicator oil-drop next to the first. On expanding it 
did not run into the first, but pushed it when its edge 
was still several millimetres away, showing that there 
was an invisible film between them.
In some cases the oil expanded in an irregular, 
star-shaped pattern, indicating that the film was solid. 
Such cases are marked (S )  in Table i .
The results are grouped according to the surface 
pressures found. For comparison, the pressures on 
some artificial bodies o f water are included. It must 
be noted that the values apply only at the time of 
measurement, owing to the influence of the weather.
The observations were made in the autumn and early 
winter of 1946 . Table i shows the distribution of the 
films.
In general, the lowest pressures were found in 
rivers and streams, and the highest in stagnant ponds 
and lakes. The reason for this can easily be observed. 
Moving water is constantly being swept by the wind 
and by floating barriers, and the film is collected in 
pockets between rocks, sticks and leaves at the sides, 
and swirls in the water keep pushing the film against 
the side, where it collapses. Measurements of F  at the 
side of a river were often above 30 , whereas at the 
same time in the centre of the river F  was less than 
2 dynes/cm. Frequently a stream flows under a 
stationary floating branch which is holding debris 
such as smaller sticks and floating leaves pressed 
together on the surface. Any leaks soon become filled 
with film which usually solidifies as the pressure in­
creases and so the leaks are sealed. Film accumulates 
at such a barrier when it is brought down at a rate 
faster than it can flow back under the influence of the 
surface-pressure gradient. Measurement usually 
shows that F  on the downstream side is close to zero, 
and on the upstream side diminishes from above 30  at 
the barrier to near zero a few dozen yards farther up­
stream. The surface pressure is usually high ( > 15) 
in any froth. Care was taken not to make measure­
ments near any obvious contamination, or on windy 
days.
T he wind has a very big effect on F. A  rough 
estimate was obtained by placing drops of indicator oil 
at intervals along a 6 ft. diameter pool on which a film 
(with F =  3) was present. The oil-drops expanded to 
the same size and colour, showing that the film was 
uniform. A breeze of about 6 m.p.h. at head level 
rose and caused changes in the colour and size of the 
drops, which, however, returned to their original 
condition when the wind dropped. T he change in F  
in the direction of the wind was about i dyne/cm./ft. 
Since each part of the film presses on the part next to 
it in the direction of the wind, the wind-induced 
pressure is proportional to the length of film over 
which the wind has blown. T hus such a wind blowing 
over a ICO ft. lake would produce a surface pressure at 
the edge of 100 dynes/cm., sufficient to collapse any 
film. Such collapsed films can usually be observed on 
the side of lakes towards which the wind is blowing, 
in the form of myriads of tiny fibres parallel to the
3 7 R. J. G o l d  ACRE
T able i
F = 0 -2  dynes/cm.
Lake at Balcome 
R. Ouse at Lewes 
Pond at Hampstead Heath 
Pond at Highgate 
Dover Canal
R. Cam above Cambridge and at King’s College 
Rydal Water (Cumberland)
Stream at Grasmere (S)
Lake Grasmere (not near stream mouths)
Pool near Elterwater (S)
Great Langdale Beck 
Derwent Water 
River at Keswick 
River at Patterdale 
Grisdale Tarn (2000  ft.)
R. Lune at Kirkby Lonsdale (S )—higher values also 
recorded, between rocks, v.i.
R. Ribble at Settle
Stream near Hayfield
Stream near Cat and Fiddle (Derbyshire)
Stream at Llangollen 
River at Chirk 
Canal at Preesgweene 
R. Severn at Shrewsbury 
Stream near Pen-y-Stryt
F = 2 -5  dynes/cm.
Serpentine Lake
Ponds at Hampstead Heath
Lake Grasmere at junction with stream (S)
Stream at Grasmere 
Stream near Buxton (S)
R. Severn at Montford (S)
R. Avon at Stratford (S)
F —s - io  dynes/cm.
Pond at Regent’s Park
Pond at Shottery
Grassy swamp near Pen-y-Stryt
Lake at Compton Verney
Serpentine Lake— behind leaf barrier
R. Avon, 2 miles above Stratford
F =  10-20  dynes/cm.
Pond at Crawley (*S)
Lake at Brighton (in Park)
Pond at Lewes
Lake in St James’s Park (London) (S)
Pond at Reigate Castle (S)
Pond at Highgate (swimming pool)
Grasmere lake at junction with stream (S)
Pond at Holmes Chapel 
Pond at Chelford
Pocket at side of stream near Buxton 
F  =  2 0 -3 0  dynes/cm.
Lake at Hampstead Heath where stream enters 
Canal at Lewes
Grand Union Canal at Regent’s Park 
Pond in Vale of Health, Hampstead Heath 
Puddle in Hyde Park (*S)
F >  30  dynes/cm.
Pond at Brighton
Lake in St James’s Park (S)
Pond in Trafalgar Square 
Ditch near Cambridge 
Puddle in field near Much Wenlock 
R. Avon in collapsed film at side, at Stratford 
Stream at Llangollen, in collapsed film above a floating 
barrier
R. Lune at Kirkby Lonsdale, between rocks towards 
which eddies kept bringing film
shore (‘scu m ’). In  such material oleic acid w ill not 
spread unless the w ind has stopped blowing, w hen the  
material is cracked apart by the oil.
It is not to be expected, therefore, that a film could  
ever cover the w hole o f a large lake, or sea, for the 
slightest breeze would blow it to one side and cause it 
to collapse.
T h e flow o f either the air or the water may cause 
concentration of the film. T hus, a stream with F  =  2 
running into Lake Grasmere caused the pressure to 
rise to F =  15 at the point o f entry, whereas a hundred  
yards away and at m ost other parts of the lake F  was 
less than 2 .
2 . O R IG IN  A N D  N A T U R E  O F T H E  F IL M
T h e films are probably derived from decom posing  
plant tissue and (except on canals) almost certainly 
not due to man-m ade contamination. In all cases the
natural water (i.e. excluding canals and artificial pools) 
supported abundant plant, and sometimes animal, 
life. T h e  films did not have the properties of lubri­
cating oil, for in m any cases they were solid, and 
could be collapsed into fibres, which oil will not do. 
T h e indicator-oil expansion patterns often showed 
coloured fringes, w hich Langmuir and Waugh ( 1940) 
have show n can be caused by protein in solution.
Som e freshly fallen autumn leaves were just 
covered in  water and soaked for 3 days, and the straw- 
coloured filtrate placed in a trough, swept'clean, and 
the surface pressure measured at intervals. It rose 
from zero at the rate o f dynes/cm ./m in. up to over 
30  dynes/cm . (a dilute— (o*oi %)— solution of 
gelatin behaved similarly). T h is shows that solution 
o f plant material would be adequate to explain the 
films observed. Further, alm ost everything pushed 
through the surface o f water shed a film, including 
fresh leaves, even those of w heat grown under a bell
Surface films on natural bodies of water
jar so as to avoid gross atmospheric contamination. 
Soil, mould spores, carrot tissue, wheat rootlets 
grown in an inorganic culture m edium, all readily 
shed films when touched to the surface of water. The  
films were detected by indicator oil, which was 
pushed back.
The films can arise either from material falling on 
the surface from the air (spores, soot, etc.) or from 
material in solution. It is probable that in m ost cases 
the films are mainly protein or lipo-protein, in view of 
the presence o f these materials in the plants and 
animals in the water and in the soil around it, and also 
because the mechanical properties (extensibility, 
plasticity) of the fibres formed from the collapsed 
films were found to be similar to those of fibres formed 
in the laboratory from  collapsed monolayers of pro­
tein and lipo-protein, but dissimilar to those from 
most other spreading substances tried, which gave 
much more brittle fibres or collapse structures which 
could not be handled mechanically.
3 . S IG N IF IC A N C E  O F F IL M S
The presence of films explains why oil used to control 
malaria-carrying m osquitoes sometimes does not 
spread effectively on the water, especially on swamps 
where there is m uch decaying vegetable material. In 
such places the pressure of the film already present is 
often too high to allow the extensive expansion of an 
oil film.
It may be a biological advantage for some surface- 
growing plants to grow where the film is solid and the 
film pressure is high, so that they are held in position 
and do not pile against one another or drift against the 
shore. W hen the w ind blows they move towards the 
shore as the film is compressed, and when the wind 
drops the re-expansion of the film moves them out 
again.
The surface film is grasped by small animals when 
they move about. It provides reaction by means of 
which small hopping arthropods can jump sideways 
on the water surface. (T he thin layer of water which 
moves w ith the film in the hydrodyn amical boundary 
layer (Crisp, 1 9 4 6 ) provides a mass of material to be 
pushed backwards, w hich is comparable with the 
mass of the animal.) Certain fresh-water snails 
crawl upside dow n along the under-surface of the 
water. That they are grasping the film is shown by 
their being displaced w hen the film is pushed side­
ways without m oving the water (for example by ex­
panding a drop of oil nearby, or by moving a floating 
wooden rod slow ly som e distance away). Tests with 
oil in these places usually show that the film has a 
high surface pressure (F >  10) and is fairly rigid.
In the absence of a film of any rigidity there would 
be nothing to prevent a particle in the surface from
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being moved sideways under the smallest force, such 
as a current of air. The behaviour of surface-skating 
and clinging animals on a perfectly clean water 
surface hardly arises, however, since they would 
inevitably shed a monolayer from the material of their 
own bodies. For the sake of economy they may prefer 
to go where there is already a surface film, or to a 
small rather than a large water surface so that it can 
easily be covered with film.
The microscope revealed large numbers of small 
organisms entangled in film scraped from the water 
surface of lakes. The film may provide a source of 
food for small organisms, and in a much higher con­
centration than in the bulk of the solution. The 
spread ‘denatured’ proteins would also be more 
readily attached chemically than those in the solution 
(Neurath, Greenstein, Putnam & Erickson, 1944).
An aquarium containing soil and aquatic plants 
and animals maintained a film pressure of between 
10 and 20 dynes/cm. even though the film was periodic­
ally swept off. The film was evidently replenished 
from the plant and animal material in the water. 
Tadpoles kept in the aquarium were often observed to 
turn upside down at the surface and eat the film. 
From the motion of dust particles towards a tadpole’s 
mouth it was estimated that the film was being eaten 
at the rate of about i  sq.cm./sec. At this rate in one 
day a tadpole could consume an amount of protein 
monolayer equal to its own dry weight. The film could 
thus contribute a significant proportion of the diet, 
apart from the micro-organisms entangled in the film 
and eaten with it. Alternatively, it would provide a 
convenient vehicle for drawing the organisms into 
the tadpole’s mouth.
A film collapsed by the wind consists of hollow 
fibres of about the diameter of plant cells. These 
hollow fibres which enclose the solution underneath 
them must be formed in myriads every day all over 
the world in great variety. It seems not improbable 
that such structures may have played a part in the 
evolution of the cell.
4 . SUM M ARY
Surface films have been found on practically all 
natural water surfaces which have so far been tested 
in various parts of England. In most cases they are 
monomolecular and made of protein or lipo-protein. 
The distribution of the two-dimensional surface 
pressure of the film on flowing water is indicated, and 
natural features causing very high surface pressures 
and collapse of the film are described. The ecological 
significance of the film is discussed, including the use 
of it made by some small organisms for locomotion 
and food.
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Pond at Holmes Chapel 
Pond at Chelford
Pocket at side of stream near Buxton 
F = 2 0 - 3 0  dynes/cm.
Lake at Hampstead Heath where stream enters 
Canal at Lewes
Grand Union Canal at Regent’s Park 
Pond in Vale of Health, Hampstead Heath 
Puddle in Hyde Park (S)
F > 3 0  dynes/cm.
Pond at Brighton
Lake in St James’s Park (S)
Pond in Trafalgar Square 
Ditch near Cambridge 
Puddle in field near Much Wenlock 
R. Avon in collapsed film at side, at Stratford 
Stream at Llangollen, in collapsed film above a floating 
barrier
R. Lune at Kirkby Lonsdale, between rocks towards 
which eddies kept bringing film
shore (‘scu m ’). In  such material oleic acid w ill not 
spread unless the w ind has stopped blowing, w hen the  
material is cracked apart by the oil.
It is not to be expected, therefore, that a film could  
ever cover the w hole o f a large lake, or sea, for the 
slightest breeze would blow it to one side and cause it 
to collapse.
T h e flow of either the air or the water may cause 
concentration o f the film. T hus, a stream w ith F = 2  
running into Lake Grasmere caused the pressure to 
rise to F =  15 at the point o f entry, whereas a hundred  
yards away and at m ost other parts o f the lake F  was 
less than 2 .
2 . O R IG IN  A N D  N A T U R E  O F T H E  F IL M
T h e films are probably derived from decom posing  
plant tissue and (except on canals) almost certainly 
not due to m an-m ade contamination. In all cases the
natural water (i.e. excluding canals and artificial pools) 
supported abundant plant, and som etim es animal, 
life. T h e films did not have the properties o f lubri­
cating oil, for in m any cases they were solid , and 
could be collapsed into fibres, w hich oil w ill not do. 
T h e indicator-oil expansion patterns often showed 
coloured fringes, w hich Langm uir and W augh ( 1940) 
have show n can be caused by protein in solution.
Som e freshly fallen autumn leaves were just 
covered in water and soaked for 3 days, and the straw- 
coloured filtrate placed in a trough, swept" clean, and 
the surface pressure measured at intervals. It rose 
from zero at the rate o f l i  dynes/cm ./m in. up to over 
30  dynes/cm . (a dilute— (o*oi %)— solution of 
gelatin behaved similarly). T h is shows that solution 
of plant material w ould be adequate to explain the 
films observed. Further, alm ost everything pushed  
through the surface o f water shed a film, including 
fresh leaves, even those o f w heat grown under a bell
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jar so as to avoid gross atmospheric contamination. 
Soil, m ould spores, carrot tissue, -wheat rootlets 
grown in an inorganic culture m edium, all readily 
shed films when touched to the surface of water. T he  
films were detected by indicator oil, which was 
pushed back.
T he films can arise either from material falling on 
the surface from the air (spores, soot, etc.) or from  
material in solution. It is probable that in m ost cases 
the films are mainly protein or lipo-protein, in view of 
the presence of these materials in the plants and 
animals in the water and in the soil around it, and also 
because the mechanical properties (extensibility, 
plasticity) of the fibres formed from the collapsed 
films were found to be similar to those of fibres formed 
in the laboratory from collapsed monolayers of pro­
tein and lipo-protein, but dissimilar to those from 
most other spreading substances tried, which gave 
much more brittle fibres or collapse structures which  
could not be handled mechanically.
3 . S IG N IF IC A N C E  O F F IL M S
The presence of films explains why oil used to control 
malaria-carrying mosquitoes sometimes does not 
spread effectively on the water, especially on swamps 
where there is m uch decaying vegetable material. In 
such places the pressure of the film already present is 
often too liigh to allow the extensive expansion of an 
oil film.
It may be a biological advantage for som e surface- 
growing plants to grow where the film is solid and the 
film pressure is high, so that they are held in position  
and do not pile against one another or drift against the 
shore. W hen the wind blows they m ove towards the 
shore as the film is compressed, and when the wind  
drops the re-expansion of the film moves them  out 
again.
T he surface film is grasped by small animals when  
they m ove about. It provides reaction by means of 
which small hopping arthropods can jump sideways 
on the water surface. (The thin layer of water which  
moves w ith the film in the hydrodyn amical boundary 
layer (Crisp, 1946 ) provides a mass of material to be 
pushed backwards, which is comparable w ith the 
mass of the animal.) Certain fresh-water snails 
crawl upside down along the under-surface of the 
water. T hat they are grasping the film is shown by 
their being displaced when the film is pushed side­
ways without m oving the water (for example by ex­
panding a drop of oil nearby, or by m oving a floating 
wooden rod slowly some distance away). T ests with  
oil in these places usually show that the film has a 
high surface pressure (F >  10) and is fairly rigid.
In the absence of a film of any rigidity there would  
be nothing to prevent a particle in the surface from
being moved sideways under the smallest force, such 
as a current of air. T he behaviour of surface-skating 
and clinging animals on a perfectly clean water 
surface hardly arises, however, since they would  
inevitably shed a monolayer from the material of their 
own bodies. For the sake of economy they may prefer 
to go where there is already a surface fihn, or to a 
small rather than a large water surface so that it can 
easily be covered with film.
T h e microscope revealed large numbers of small 
organisms entangled in film scraped from the water 
surface of lakes. T he film may provide a source of 
food for small organisms, and in  a m uch higher con­
centration than in the bulk of the solution. T he  
spread ‘denatured’ proteins would also be more 
readily attached chemically than those in the solution 
(Neurath, Greenstein, Putnam & Erickson, 1944 ).
An aquarium containing soil and aquatic plants 
and animals maintained a film pressure of between 
10 and 20  dynes/cm. even though the fihn was periodic­
ally swept off. T he film was evidently replenished 
from the plant and animal material in the water. 
Tadpoles kept in the aquarium were often observed to 
turn upside down at the surface and eat the film. 
From the m otion of dust particles towards a tadpole’s 
m outh it was estimated that the film was being eaten 
at the rate of about  ^sq.cm ./sec. At this rate in one 
day a tadpole could consume an amount of protein 
monolayer equal to its own dry weight. T he fihn could  
thus contribute a significant proportion of the diet, 
apart from the micro-organisms entangled in the film  
and eaten with it. Alternatively, it would provide a 
convenient vehicle for drawing the organisms into 
the tadpole’s mouth.
A  fihn collapsed by the wind consists of hollow  
fibres of about the diameter of plant cells. These  
hollow fibres which enclose the solution underneath 
them  m ust be formed in myriads every day all over 
the world in great variety. It seems not improbable 
that such structures may have played a part in the 
evolution of the cell.
4 . SU M M A R Y
Surface films have been found on practically all 
natural water surfaces which have so far been tested 
in various parts o f England. In most cases they are 
monomolecular and made of protein or lipo-protein. 
T he distribution of the two-dimensional surface 
pressure of the fihn on flowing water is indicated, and 
natural features causing very high surface pressures 
and collapse of the film are described. T he ecological 
significance of the film is discussed, including the use 
of it made by some small organisms for locomotion  
and food.
3 9  R. J. G o l d a c r e
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Mode of Action of Basic Antibacterial 
Substances
T h a t  spermine and streptom ycin “do not affect 
the respiration of yeast and thus have no direct 
bactericidal ac tiv ity” , as stated  by Massart^, is a con­
clusion with which m any will not agree. A part from 
the dangers inherent in applying to bacteria results 
which have been obtained with yeast, there are few 
grounds for supposing th a t the facility with which a 
drug can im pair bacterial respiration bears any 
simple relation to  its growth-inhibiting properties. 
Indeed, Ferguson and Thorne® have shown th a t the 
order in which six aminoacridines repress the respira­
tion of B. coli (when the substrates were glucose, 
pyruvic acid, lactic acid, asparagin or oleic acid) 
bears no obvious relation to the order of their activity  
in retarding the growth of this bacterium.
Some will also question M assart’s conclusion th a t 
‘polym erization’ (that is, micelle formation) makes 
an im portant contribution to  the antibacterial action 
of his test substances (trypaflavine, methylene blue, 
crystal violet and quinine) by increasing their effective 
molecular weight.
In  the acridine series (of which trypaflavine is a 
member) the critical micelle concentration has been 
investigated by one of us (R. J . G.) using three 
criteria : (i) deviation from Beer’s Law ; (ii) con-
ductim etric m axim a ; and (iii) form ation of blue 
colour w ith potassim n tri-iodide. I t  was found th a t 
this concentration often lay well above the minimal 
antibacterial concentration-. Furtherm ore, it is easy 
to  point out pairs of closely related drugs where a 
rise in critical micelle concentration is accompanied 
by heightened antibacterial activity. For example, 
5-amino-1-methylacridine, because of a  steric effect, 
does not reach its critical micelle concentration until 
the solution is twice as concentrated as is necessary 
in the case of 5-aminoacridine ; yet the former is 
bacteriostatic, for example, to Streptococcus pyogenes, 
a t  half the minimal effective concentration of the 
latter®.
Prof. M assart’s argum ent depends upon the 
assum ption th a t the critical micelle concentrations 
of spermine and streptom ycin are higher than  those 
of quinine and the dyes. Although the highly polar 
character of spermine and streptom ycin makes this 
likely, no actual figures have been published.
I t  has often been observed th a t, in a  series of 
cationic substances, an increase in the molecular 
weight goes parallel with increased antibacterial 
activity  (Albert^, quoted by M assart through Dubos®), 
and the following explanation of this phenomenon 
has been given. “This requirem ent of size is to p ro ­
vide a sufficiently great area for adsorption ; it 
depends on the fact th a t increase in the nm nber of 
atom s in a molecule increases its Van der W aals’ 
attraction, while the kinetic energy of translation, 
which is the force tending to remove the molecule, 
is independent of molecular size” ®. However, the 
forces used up by trypaflavine and other dyes in 
micelle form ation are scarcely likely to be available 
for "combination w ith the bacterial receptors.
I t  is appreciated th a t, in a  series of amines, some 
physical properties are dependent upon the presence 
of micelles (for example, the formation of a  blue 
colour with potassium tri-iodide). B u t other p ro­
perties, particularly those which involve accumulation 
a t a surface, are a t  a  m aximum when micelles are 
absent (for example, foaming*).
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370 . The Ion iza tion  o f Basic Triphenylm elhane Dyes.
B y R. J. G o l d a c r e  and J. N. P h i l l i p s .
The basic triphenyl methane dyes, at a given pH, reach equilibrium between kations 
[e.g., (I)] and carbinols [e.g., (II)] at rates which vary considerably for different members. 
Potentiometric titration being unsuitable for the determination of the basic ionization 
constants, a photometric method has been devised which is of general applicability to the 
study of kations like these, which are capable o f  isomerism to carbinols.
In this way, the rates of carbinol formation, and the degree of ionization at equilibrium, 
have been determined at various pH values. The ionization constants of these substances are 
independent of the pH values at which they were obtained and thus may be compared with 
those derived from a simple ionization such as that of an aromatic amine.
The significance of carbinol formation in relation to the biological action of these substances 
is discussed.
T h e  aminotriphenylmethane dyes are of interest from both chemical and biological 
angles. Though their use as dyes has diminished owing to the production of more stable 
substances, they occupy an important position in the theory of colour and structure ; the low  
concentration in which some of them  inhibit the growth of certain bacteria compares favourably  
with all other known substances (Kligler, J . E xp. M ed., 1918, 27, 463; Professor S. D. Rubbo, 
private communication; see also Addendum, p. ).
I t  has recently been shown that, in a series of acridine bases, bacteriostatic power is 
proportional to the degree of ionization at pH 7 (Albert, Rubbo, Goldacre, D avey, and Stone, 
Brit. J . E xp. Path., 1945, 26, 160). A similar relation for the basic triphenylmethanes was 
suggested by  Stearn and Stearn [J. Bact., 1924, 9, 491), who, because of the lack of ionization  
constants in the literature, made rough estim ates of comparative basic strength on the basis of 
the inductive constants of substituent groups. Accurate measurements ‘of the ionization  
constants of these substances are now reported, most of them  for the first time.
Although acceptable measurements of several second and third ionization constants have 
been reported (Adams and Rosenstein, J . Amer. Chem. Soc., 1914, 36, 1452; Schwarzenbach, 
Helv. Chim. Acta, 1938, 21, 1636), the position regarding the more interesting first constants has 
long been unsatisfactory. Sidgwick and Moore ( / . ,  1909, 95, 889) and Sidgwick and R ivett 
[ibid., p. 899) examined the effect of acid and alkali on the carbinols and salts (respectively) of 
brilliant-green, malachite-green, and Doebner’s violet and concluded that the bases must be 
very strong. Rum pf {Ann. Chim., 1935, [xi], 3, 404) reported first ionization constants for 
^-aminotriphenylcarbinol (pA^, ca. 4'6), Doebner’s violet {ca. 5-8), and parafuchsin {ca. 7) by  
potentiom etric titration in dilute alcohol, although this solvent complicates the picture because 
of ether formation (c l  Fischer, Ber., 1900, 33, 3356). Rumpf {loc. cit.) also roughly confirmed 
these figures colorimetrically. Henriquez {Rec. Trav. chim., 1933, 52, 991) obtained data from 
which the first ionization constant of malachite-green m ay be calculated.
H antzsch and Osswald {Bar., 1900, 33, 274, 752) showed that the conductivity of the  
aminotriphenylmethane bases, after liberation from their salts with alkali, decreases w ith time. 
A parallel phenomenon was encountered when potentiometric titration of crystal-violet and 
malachite-green was attem pted, the pH  continuing to fall slowly after each addition of alkali. 
This drop in pH  is brought about by the steady transformation of the dye ion (I)
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(I ; crystal-violet, ion.) (II ; crystal-violet, carbinol.)
into the colourless carbinol (II), an isomerism caused by a hydroxyl ion attacking the central 
carbon atom .
An experim ental method, which attem pts to overcome the defects of previous m ethods, is 
described below. W ater has been chosen as solvent so that the results can be used to  interpret 
biological data. Colorimetry has been preferred to  potentiom etry because it permits of more 
accurate m easurement in the dilutions (10~®m.) at which it is necessary to  work in order to  
retain the carbinol in aqueous solution. The speed at which the equilibrium (I < > II) was 
attained was measured at various pH  values, and the degree of ionization, at each pH  value, 
was calculated only after equilibrium had been established. Thus the m ethod differs from  
those of H antzsch, of Sidgwick and co-workers {loc. cit.) and of Hochberg and LaMer ( / .  Am er. 
Chem. Soc., I94I, 63, 3110), who took no steps to control the ever-changing pH of their solutions. 
I t  is not possible to  use their results to  calculate equilibrium ionization constants because the  
speed of the reaction and the position of the equilibrium depend on the pH.
In the present method, ionization constants were calculated from the degrees of ionization of 
the bases at equilibrium at various pH  values, by  means of the law of mass action :
p A  =  pH  +  lo g a /( I  -  a ) .......................................................(I)
where a =  degree of ionization.
Typical results for m alachite-green and 4-dim ethylam inotriphenylcarbinol are given in 
Table I.
T a b l e  I.
Effect of p H  on degree o f ionization.
(a) Malachite-green, 2-7 X 10'®m. at 25°.
Extinction
coefficient
[E] (red Degree of
pH. filter). ionization (a). log a /(l -  a). pK .
400 0-113 1-00 — —
609 0-097 0-86 0-80 6-89
660 0-075 0-66 0-30 6-90
6 78 ' 0-060 0-53 0-06 6-84
697 0-052 0-46 -0 -07 6-90
7 10 0-044 0-39 - 0-20 6-90
7-42 0-026 0-23 -0 -5 2 6-90
10 1 0-000 0-00 — —
[b] 4-Dimethylaminotriphenylcarbinol, 4 X 10-®M. at 25°.
pH. E  (violet filter). a. log a /(l — a). pK .
1 0 0-555 1-00 — —
3 96 0-467 0-85 0-76 4-72
4 27 0-417 0-76 0-50 4-77
4 49 0-360 0-66 0-29 4-78
4 61 0-322 0-59 0-15 4-76
4-80 0-261 0-48 -0 -0 5 4-75
4 98 0-201 0-37 -0 -2 5 4-73
4 99 0-197 0-36 -0 -2 6 4-73
9 20 0-000 0-00 — .—
The constancy of the p K  over a wide pH  range indicates th at the sim ple law  of m ass action, 
equation (1), is being obeyed, in spite of the com plexity of the reaction, and of the possib ility  of 
the co-existence of various forms of ion (coloured and uncoloured) and of base as suggested by  
H antzsch, by  Henriquez, and by Schwarzenbach, Mohler, and Sorge {Helv. Chim. Acta, 1938, 
21, 1636).
Ionization constants determined in this w ay for a number of com pounds are given in Tables 
II  and V. The attainm ent of equilibrium w ith  m any of the triphenylm ethanes required one or 
tw o days. A rough indication of the speed is given in the fourth column (Table II), which is the  
tim e required to proceed half-w ay to  equilibrium at a pH  equal to  the pÀ . V elocity constants 
for the initial rate of disappearance of the coloured ion a t various pH  values are p lotted  in the  
annexed Figure. These represent apparent first-order reactions between the dye ion and 
the hydroxyl ion, for the latter is in large excess and is not consumed, the buffer strength  
being lO'^M. compared w ith  a dye concentration of about IO"®m. A typical result is given in 
Table III. K  was found to  be independent of the dye concentration over a six-fold range.
T a b le  II. 
Ionization constants in  water at 25° 2 ^ and half-equilibrium times.
T l — time required for degree of ionization to fall half-way from 100% to its equilibrium value,
at a pH value equal to the pJ .^
Substance 
(dye and/or relevant carbinol).
Crystal-violet (4 : 4' ; 4"-trisdimethylaminotriphenyl- 
carbinol)
Malachite-green (4 : 4'-bisdimethylaminotriphenyl- 
carbinol)
Brilliant-green (4 : 4'-bisdiethylaminotriphenylcarbinol)
4-Dimethylaminotriphenylcarbinol
Pararosaniline (parafuchsin ; 4 : 4' : 4"-triaminotriphenyl- 
carbinol)
Doebner’s violet (4 : 4'-diaminotriphenylcarbinol)
Michler’s hydrol (4 ; 4'-bisdimethylaminodiphenyl- 
carbinol)
Auramine (4 : 4'-bisdimethylaminodiphenylcarbinol- 
amine)
Fast acid green N (light green SF yellowish ; Lissamine 
green SFS; di-sodium salt of 4 : 4^-di-(AT-ethyl-y)- 
sulphobenzylamino)triphenylcarbinol-4"-sulphonic 
acid)
T a b l e  III.
Rate of disappearance of the coloured ion of malachite-green.
Concentration : 13 X IO-'^ m. at pH 7 90 (20°).
Cone. X 10“ 
(molar). 
1-8
pK.
9-36
hours.
7-5
2-7 6-90 2-1
2-0
40-0
3-0
42-0
34-0
7-90
4-75
f 7-57 carbinol 
1 >13 imine 
5 38 
5-61
2-9 
} 0-85 
< 0-01
3-9
4-5
f 9-78 carbinol 
1 10-71 imine 
11-0 (approx.)
}l8-5
Time, mins. 
2 
12 
22 
32
Extinction 
coefficient 
(red filter). 
0-424 
0-386 
0-362 
0-341
k X 103.
6-4
6-0
Time, mins. 
42 
52
00
Extinction 
coefficient 
(red filter). 
0-320 
0-300 
0-100
k X 103. 
6-4 
6-4
Crystal-violet, malachite-green, brilliant-green, and Michler’s hydrol are tertiary amines, 
the ions of which exist in equilibrium with the corresponding carbinol form. However, in the 
primary amines (pararosaniline, auramine), an additional basic form appears, the dehydrated
/
0
1
2
3
pH.
X Brilliant-green 25°. 0  Malachite-green 20°. □  Crystal-violet 25°.
^  Parafuchsin 18°. 0  Doebner’s violet 25°.
carbinol,variously known as anhydro-base, imine or Homolka base [e.g., (NH^-CgHJgClCgH^lNH 
for pararosaniline). H aving a different structure from the carbinol, it should have a different 
■pK. The equilibrium p K  as determined for these primary amines is the resultant of the 
simultaneous ionization of the imine and the carbinol. It was possible to  obtain separate
ionization constants by observing at each pH  the degree of ionization (a) at the beginning, 
after a primary fast equilibrium (equation 2 ), and {b) after the system  had finally reached 
equilibrium due to  a subsequent slow reaction (equation 3).
F ast reaction : X '^N H ^®  +  O H© > X = N H  (imine) +  ILO . . (2)
Slow reaction : X '= N H  +  H .O ------->  O H -X -N H g (carbinol) . . .  (3)
Reaction (2), which involves only ions, is alm ost instantaneous. I t  yields a p K  for the  
im ine (constant, e.g., for auramine within i O T  p K  unit over a range of 20— 83% ionization) 
w hich is higher than that found when the system  has finally reached equilibrium (Table IV).
T a b l e  IV.
Instantaneous and equilibrium ionization constants of triphenylmethane dyes having a prim ary
amino-group.
Auramine. Pararosaniline.
Instantaneous p K  of imine .................................................. 10-71 about 13— 14
Equilibrium p K .......................................................................  9-84 7-57
Carbinol p K  (calc.) ................................................ .’............  9-78 7-57
[Carbinol]/[imine] at equilibrium   8-5 10“
Auramine, though not a triphenylm ethane dye, was included because of its close relation to  
pararosaniline. Only a rough estim ate for the im ine p K  of the latter was possible because it  
was necessary to  work at pH  13. This is above the range of accurate m easurem ent by the  
glass electrode, and the pH  was calculated from the concentration of potassium  hydroxide in 
the solution. In aqueous solution, the imine changed much ihore rapidly into the carbinol than  
was the case w ith auramine. The am ount of imine present was determ ined by taking advantage  
of the fact th at it is yellow  and soluble in ether, whereas the salt and the carbinol do not dissolve 
in ether. In w et ether the change to the carbinol (by hydration) is slow. The pH  giving half 
the m axim um  depth of colour in the ether, when the solution was shaken w ith  a given ratio of 
ether im m ediately after m ixing the buffer and the dye, was taken as the p K  of the imine 
(Table IV).
In auramine the imine and carbinol are colourless, but the slow change of the former into the  
latter was followed in the ultra-violet region at 3650 a . where the difference in light absorption  
was great. A velocity  constant at pH  10 of approxim ately 10“^  was obtained. The change is 
ascribed to  the transform ation of imine (strong base) into carbinol (weaker base), both eventually  
reaching equilibrium w ith the coloured ion.
Results.— These will be discussed under five headings.
(i) B asic strength. The basic triphenylm ethane dyes m ight be expected to  be strong bases, 
for some, such as crystal-violet, are quaternary and all are (vinylogous) amidines and guanidines 
and hence should have a far greater degree of resonance in the ions than exists in the non­
ionized bases. For exam ple, guanidine has a p K  of 13 6 (Hall and Sprinkle, J . Am er. Chem. 
Soc., 1932, 54, 3469) and benzamidine of 1 1 6  (OTm., cf. Albert, Mills, and Royer, / . ,  1948, 1452). 
I t  is seen from Table II th at the common basic triphenylm ethane dyes have com paratively low  
p K  values. These differences m ay be ascribed to {a) the great tendency of the hydroxyl ion to  
become attached to  the central carbon atom  and form a carbinol, and (6), in some cases, the  
effect of substitution on the sym m etry of the resonance ; when substitution  diminishes the 
sym m etry, the ionic resonance, and so the basic strength, m ay be dim inished (Pauling, “ The 
N ature of the Chemical B ond ,” Cornell, N .Y ., 1940, p. 215). The difference in strength  
between benzam idine and guanidine (2*0 p K  units) is comparable w ith  th at between  
corresponding pairs of vinylogues, e.g., malachite-green and crystal-violet (2*5 units), and 
Doebner’s violet and parafuchsin (2'2 units).
Basic strength in this series is augm ented by  alkylation, e.g., crystal-violet is 1-8 units 
stronger than pararosaniline; brilliant-green, in which ethyl groups are substituted in the  
parent Doebner’s violet, is 2 5 units stronger than the latter and 1 0  unit stronger than the  
m ethyl-substituted m alachite-green.
The p K  of Michler’s hydrol is surprisingly low, when compared w ith that of malachite-green, 
in which a phenyl group replaces the central hydrogen atom  of the hydrol. The phenyl group 
is usually base-weakening, through its electron-attracting effect, and this is one of the rare 
exam ples in which it brings about the opposite result.
In Fast acid green N  the three negatively-charged sulpho-groups repel hydroxyl ions from
the dye ion, and this effect augm ents the usual inductive effect, so that the basic strength is 
increased by three p K  units above that of the parent, brilliant-green.
The value of the p K  found for malachite-green (6*90 at 25°) agrees well w ith a value of 6 96 
at 20°, calculated from data reported by Henriquez {loc. cit.).
(ii) Velocity constants. In the Figure (which shows the dependence of the initial velocity  
constant on pH) the slope of the curves above pH  10 is approxim ately 45°, indicating that the 
speed of the reaction is proportional to the hydroxyl-ion concentration. This is consistent with  
the view  that the dom inating reaction is the combination of the dye cation with the hydroxyl ion, 
until the rate of formation of the carbinol equals its rate of dissociation.
The curves become more nearly horizontal at about pH  10, below which the rate of carbinol- 
formation is faster than that corresponding to  the concentration of hydroxyl ions present. 
A similar effect was observed by Schwarzenbach, Mohler, and Sorge {loc. cit.) at pH  1 for 
phenolindophenol, and was ascribed to a back reaction, becoming great at and below a pH  
equal to  the p K ,  which was 0 95. However, the deviation from linearity occurs at the p K  only  
for crystal-violet, and at a much higher pH for the other substances. The reason for 
the deviation is obscure. I t  is unlikely to be caused by a precipitation of the carbinol, unseen 
because of the low concentration of dye used (about 1— 10 m g./l.) because the constancy of the  
p K  w ith change in pH  (Table I), and of the velocity constant w ith change in concentration, 
indicates that precipitation does not occur.
(iii) Im ines. From the instantaneous p K  (due to  the imine) and the equilibrium p K ,  the  
carbinol p K  of auramine and rosaniline can be calculated (see Table IV) as follows :
_  [H ‘~]{[Bcarbinol] +  [Bjmine]} 
equilib. [BH''']
[H%[Bearbinol] ,
[BH+] [BH+]
~  - c^arbinol "T - ^ i m i n e ....................................................... (‘^ )
where Aequiiib. =  equilibrium K , Bcarbinoi =  carbinol base. Bibine =  imine base, BH+ =  ion, 
^imine =  imine K ,  and A"carbinoi =  carbinol K .
That there should be an equilibrium between the imine base and carbinol base is reasonable, 
as both are in equilibrium w ith the ion (equation 5). The statem ent that the change of imine 
to  carbinol is ” irreversible ” (Sidgwick, " Organic Chemistry of N itrogen,” Oxford, 1937, 91) 
is probably intended to  convey that the equilibrium is displaced largely to one side.
[Bimine] + [HgO] ^  [Bcarbinoll.............................(5)
Since the concentration of water is constant, the ratio of imine to  carbinol is constant. This 
ratio can be calculated from the Acarbinoi a-iid Ai^ine from the law of mass action for each 
reaction :
pH  — pAij^ine =  log ([Bimine]/[BH^ ] 
pH  -  pAcarbinol =  log ([Bcarbinol]/[BH+]
Therefore, log([B^arbinol]/[Bimine] ~  P- i^mine P -^ ca rb in o l...............................' (®)
Thus, of the tota l non-ionized auramine base in equilibrium w ith its ion, 92% is in the form  
of the carbinol and 8 % in the form of the imine (Table IV), whereas in rosaniline only one part 
in a million is in the form of the imine. Thus, the ” unstable interm ediate carbinol,” 
MegN'CgH^'C(OH)(NH2)'CgH^'NMeo postulated by Hantzsch {loc. cit.) is really the main form in 
which non-ionized auramine exists in solution. I t  is unlikely that the assignm ent of the p A ’s 
to  the imine and the carbinol should be reversed, for experim ent shows that in those compounds 
which can form only a carbinol {e.g., crystal-violet) the reaction is very slow (Table II), whereas 
the reaction assigned to the imine p A  is instantaneous (Table IV). For example, it was found 
experim entally, for a given dye, that the initial extinction coefficients of a series of solutions 
differing only in pH  were different for primary amines such as auramine, but identical for 
tertiary amines such as crystal-violet.
The ratio, [Bcarbinoi] • [Bimine]» m ay be regarded as a hydration constant (equation 5), and in 
the tw o compounds exam ined the hydration (addition of one molecule of water across the double 
bond) goes alm ost to  completion.
(iv) The interpretation of the pVi. The p A  values reported here have been calculated from  
the observed degrees of ionization. In these calculations the quantity measured has always 
been the amount of coloured ion (at equilibrium) under given conditions compared with the
to ta l am ount of coloured ion under those less alkaline conditions which ensure the presence of 
the m axim um  am ount of it.
N o regard has been paid to  the various forms of colourless bases th at m ay exist 
(cf. Schwarzenbach; Henriquez, locc. cit.), apart from the imine and carbinol, or to  the  
colourless (hydrated) ions which appear to  ex ist in the so-called " w hite salts ” (H antzsch and 
Osswald, loc. cit.). There is an equilibrium between all these forms in solution ; the p K  values 
reported are based on the observed degrees of ionization, which w ill he n%  of the m axim um  for 
the coloured ion when it is n%  of the m axim um  for any colourless ion, provided that equilibrium  
has been reached. For any one substance, the p K  value for each type of monoacidic cation  
m ay be different, but the degree of ionization at a given pH , expressed as a fraction of the total 
am ount capable of existing in the one particular ionic form at equilibrium, is the same for each. 
The concentration of colourless ions seems to  be very sm all. N o evidence has been found for 
the existence of the ” am m onium  bases ” postulated by H antzsch.
The p K  values reported above facilitate calculations of changes in the concentration of the  
coloured ion w ith  changing pH . Such calculations, which were not available to  Stearn and 
Stearn [loc. cit.), w ill be of value in testing their hypothesis th at the coloured cations were the  
species responsible for anti-bacterial activ ity  in this series. The predicted order of basic 
strength (brilliant-green >  crystal-violet >  fuchsin) * derived by these authors from a 
consideration of inductive constants, is not supported by the values in Table II. It  is to  be 
expected, from considerations of the distribution of lipophobic and lipophilic groups in the 
various ions, th at differences in adsorbability on the bacteria w ill also contribute to  differences in 
biological activ ity .
The m ethod used here for the triphenylm ethanes is equally applicable to  other series where 
equilibrium involving carbinols occurs. Table V gives the results of applying it to  some 
quaternary acridines.
T a b l e  V.
Ionization constants o f some quaternary acridines in  water at 25°
Cone. X 10-3
Substance. pA„. (molar).
10-Methylacridinium brom ide.............................................  9 75 3-0
5-Amino-lO-methylacridinium brom ide  11-01 2-0
2-Amino-10-methylacridinium brom ide  11-85 2-0
(v) Interpretations of miscellaneous results obtained with basic triphenylmethane dyes. 
H antzsch and Osswald [loc. cit.) found th at when one equivalent of potassium  hydroxide was 
added to  an M /250-crystal-violet solution, the colour of the last portion of the crystal-violet 
persisted w ith great tenacity  no m atter how long the tw o substances were left in contact ; he 
ascribed this to  the accidental entry of COg. H owever, calculation from the p K  reveals that 
the reaction could never go to  com pletion under these conditions; the pH  would have fallen  
to  10 7 (corresponding to  5% ionization) when 5% of the alkali was left, A further fall in pH  
w ould cause increased ionization of crystal-violet [p K  9'36). This alone would suffice to  explain  
th e persistent colour.
Sidgwick and R ivett [loc. cit.) found a pK^  of 5 '8 for Doebner’s violet, when hydrochloric 
acid was added to  a solution of the carbinol, and of 10*6 when alkali was added to  the salt. 
E vidently  not sufficient tim e had elapsed to  allow  equilibrium to  be reached, but the former 
figure m ay be compared w ith the constant p K  (Table II) of 5'38 from m easurem ents made 
over the whole of the pH  scale.
I t  has also been stated  that brilliant-green has K  =  0'00531 (Sidgwick and Moore, loc. cit.), 
w hich would make it stronger than ammonia, but the present results show th at it is weaker.
The Figure indicates that, even in neutral solutions of the dyes, slow reaction w ith hydroxyl 
ions takes place. For exam ple, at pH  7 3, the degree of ionization of m alachite-green slow ly  
falls from 100% at zero tim e to  28'5% at infinite tim e. The tim e factor m ust be borne in mind  
when using the pA„ to  calculate the degree of ionization in a solution of known pH . If stock  
solutions are required to  be kept for som e tim e, the slow precipitation of carbinol can be avoided  
by the addition of hydrochloric acid to  bring the solution to  about pH  4.
The dyeing of wool by  crystal-violet was investigated by Elod [Trans. F araday Soc., 1933, 
29, 327) over a pH  range of 0— 12. The am ount of dye taken up increased w ith rising pH
* Fuchsin is a mixture of parafuchsin and a homologue which is C-methylated ortho to the central 
carbon atom.
to a maxim um  at pH  8 -5, above which it decreased sharply. The author ascribed this to  an 
” enlargement of the particles ” of the dye, but it is evident that, as the solution proceeds to  
equilibrium above this pH, the concentration of coloured ion will fall, especially if carbinol is 
precipitated.
W hen a slight excess of alkali was added to solutions of various members of this series, the 
carbinols which were precipitated were usually strongly dyed with the ion from which they  were 
produced. This suggests a strong tendency to com plex formation between the ion and carbinol 
which is also exhibited at the oil-w ater interface. W hen pure carbon tetrachloride or chloroform  
was shaken w ith a neutral aqueous solution of crystal-violet (or other member of the series), the 
colour remained in the water, but after several hours it appeared in the organic solvent. The 
tim e required for this to happen was shorter at higher pH values. If the carbinol was first 
added to the chloroform (by extracting some of the dye solution to  which excess of alkali had 
been added), the chloroform im m ediately extracted the colour from the aqueous phase. A 
similar result was obtained when a trace of oleic acid was added to the solvent. E vidently  
an oil-soluble com plex of ion and carbinol was formed.
H eym ann and Joffe [Trans. Faraday Soc., 1942, 38, 408) drew attention  to  an unusual 
property of m ethyl-violet and malachite-green. Although m any substances which are active  
at the air-w ater interface are comparably active at the oil-w ater interface, crystal-violet and 
brilliant-green exerted a much greater effect at the oil-w ater interface. Schulman and 
Cockbain [Trans. Faraday Soc., 1940, 36, 651) have shown that, when a com plex can be formed 
between an oil-soluble and a water-soluble substance, an exceptionally great lowering of the
oil-w ater interfacial tension occurs when the substances are present in the appropriate phases. 
A likely interpretation of the results of H eym ann and Joffe is that a sm all quantity of carbinol 
formed by reaction w ith hydroxyl ions enters the oil, and it is im m ediately fixed at the interface 
by com plex formation w ith coloured ions in the water. This could not happen at the air-w ater 
interface, so that the tension lowering there is slight.
D eviation from Beer’s law in the cations of the compounds studied was found to  be 
appreciable down to  concentrations of the order of IO-^m. In general, the non-alkylated  
amines deviated 1 0 % at about one-tenth the concentration of those having tertiary amino- 
groups. The deviation suggests that a tendency to micelle formation in the ions is facilitated by  
primary amino-groups, probably through hydrogen bonding (cf. Rabinowitch and Epstein, 
J . Amer. Chem. Soc., 1941, 63, 69; Michaelis and Granick, ibid., 1945, 67, 1212).
E x p e r im e n t a l .
Care was taken to free the distilled water from dust by filtration, since dust was observed to adsorb 
the dye readily and to remove an appreciable proportion of it at the high dilution used. Equal amounts 
of a solution of the dye salt were added to a series of O-OlM-borate, -phosphate, or -acetate buffers of 
various pH values ; potassium hydroxide was used for high pH values. The pH was measured with a 
glass electrode before and after photometry, and the depth of colour estimated on a Hilger absorptiometer, 
using the filter which was found by experiment to give a maximum change in extinction coe£6cient with 
change in pH. If a turbidity was found in the upper pH range (by observing any scattering at right 
angles to a beam of light), a lower concentration of dye was used until rib precipitation occurred. 
Readings were taken at intervals until equilibrium was established.
The ionization constants were determined by finding the degree of ionization at various pH values by 
optical means. The degree of ionization of the triphenylmethane dyes was taken as proportional to the 
extinction coefficient of the solution, corrected for deviation from Beer’s law where necessary ; The 
extinction coefficients corresponding to 0 % and 100% ionization were taken as those which were 
constant over a range of several pH units at the upper and lower end, respectively, of the range. In 
some cases a small correction for the second ionization constant, obtained from the literature or 
determined experimentally, was applied in the calculation of the extinction value for 100% ionization. 
At low degrees of ionization the correction was usually negligible.
Reaction velocities at various pH values were calculated from the rate of disappearance of the 
coloured ion. Readings were taken every few minutes in a room in which the temperature was 
approximately constant.
With the quaternary acridines (Table V), there was only a small difference between the light 
absorption of the ion and that of the carbinol, whereas there was a large difference in fluorescence. 
The degree of ionization was measured on the Klett photoelectric fiuorimeter.
Some potentiometric titrations were attempted in 50% acetone, which, unlike alcohol, does not react 
chemically with the carbinols. At a glass electrode, 10-methylacridinium bromide gave a p K  of 8*71 
(cf. 9 75 in water. Table V), equilibrium being reached almost instantly after each addition of alkali. 
Équilibration was much slower with crystal-violet : the pH of a half-neutralized M./200 solution in 50% 
aqueous acetone (kept stoppered in the dark) fell steadily from an initial value of 12 2 (glass electrode, 
uncorrected) to 9 0 in 5 hours, 8*7 in 2 days, and 8*2 in 30 days (cf. p K  9 36 in water. Table II). Thus, 
acetone has lowered these two equilibrium values by approximately 1 p K  unit, and it was found to 
depress the p K  of 5-aminoacridine, which cannot form a carbinol, by the same amount.
Materials.—Crystal-violet was purified as the carbinol, m. p. 219° (corr.), by the method of Kovache
(Ann. Chim., 1918, [ix], 10, 247). Malachite-green, brilliant-green, and parafuchsin were purified by 
the partition method of Lewis, Magel, and Lipkin [J. Amer. Chem. Soc., 1942, 64, 1782). 4-Dimethyl- 
aminotriphenylcarbinol, m. p. 92— 93°, and 4 : 4'-diaminotriphenylcarbinol, m. p. 173— 175° (decomp.), 
were prepared and purified according to Baeyer and Villiger (Ber., 1904, 37, 2857). Michler’s hydrol, 
m. p. 102— 103°, was prepared by the method of Nathanson and Miller {Ber., 1889, 22, 1879). Auramine 
base, m. p. 136°, was liberated from a pure specimen of auramine and recrystallized from benzene. Fast 
acid green N (required for approximate results only) was used in the form of Lissamine green SFS (I.C.I.). 
The preparation of the acridinium compounds is described in Albert, Rubbo, Goldacre, Davey, and 
Stone (loc. cit.).
A d d e n d u m  (by S. D. R u b b o ;  10.6.49).
Bacteriostatic action o f Am inotriphenylm ethanes.
Highest dilutions of triphenylmethanes completely preventing visible growth in  48 hours at
37° (pH  7-2— 7-4).
Medium : A, plain broth; B, 10% serum broth.
Organisms.
Cl. Strep. Staph.
-triphenylcarbinol. Medium. welchii. pyogenes. aureus. B. coli. Proteus.
1 in. 1 in. 1 in. 1 in. 1 in.
4-Dimethylamino- A 10,000 * * * *
B * * * * *
4 : 4'-Diamino- (Doebner’s violet) A . 10,000 80,000 20,000 * *
B * 20,000 20,000 * *
4 : 4'-Bisdimethylamino- (Malachite A 1,280,000 320,000 80,000 * *
(green) B 320,000 80,000 40,000 * *
4 : 4 ' :  4”-Triamino- (parafuchsin ; A 160,000 160,000 160,000 * *
pararosaniline) B 10,000 . 80,000 160,000 5,000 *
4 : 4'-Bisdiethylamino- (brilliant A 640,000 1,280,000 1,280,000 * *
green) B 160,000 320,000 40,000 * *
4:4" : 4”-Trisdimethylamino- (crys­ A 160,000 320,000 2,560,000 10,000 20,000
tal violet) B 80,000 80,000 640,000 5,000 20,000
* Growth not prevented by 1 : 5,000 dilution.
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146. The Ionisation of Acridine Bases.
B y A d r ie n  A l b e r t  an d  R e g i n a l d  G o l d a c r e .
It has recently been claimed that antibacterial activity in the acridine series is associated with those members 
that exhibit more than 60% of cationic ionization, at pH 7-3 and 37° (Albert, Rubbo, Goldacre, Davey, and 
Stone, Brit. J. Exper. Path., 1945, 26, 160). The present paper supplies the chemical part of the evidence for 
this claim (i) by reporting 95 new ionisation constants, (ii) by discussing the effects of alcohol and of temperature 
on the ionisation of sparingly soluble bases, and (iii) by demonstrating new correlations between basic strength 
and structure in the acridine series.
In an earlier paper (Albert and Goldacre, J ., 1943, 454), the ionisation of acridine and 22 of its derivatives was 
discussed, as part of a programme to correlate structure, basicity, and antibacterial activ ity  in th is series. The 
present paper seeks, first, to give a critical interpretation of the figures already reported, and secondly,- to report 
and discuss 95 new values.
The Effect of Alcohol on Ionisation.— For biological purposes it  is very im portant to know the exact pA^ 
values in water of bases, particularly those which lie in the range pAg 6— 8 , as their degree of ionisation at pH  7 
varies greatly w ith a small change in pAg. Because of their poor solubility, very few acridine compounds can 
be titrated potentiom etrically in water, and hence it is desirable to know to  w hat extent values obtained by  
titration in 50% ethanol fall short of the value in water. This comparison has been carried out by determining 
the pAg values of acridine and the five isomeric aminoacridines both in 50% ethanol (potentiometric titration) 
and in water (absorptiometry in aqueous buffers ; see Experim ental Section). I t  w ill be seen from Table I that 
the depression of basic strength by the alcohol (ApAg) ranges from 0 43 to 1 46 units (average 0"77). These 
figures are som ewhat larger than those obtained on pyridine and simple aliphatic and aromatic amines by  
Mizutani (Z. physikal. Chem., 1925, 118 , 327), who examined 10 bases in 60% methanol, and H all and Sprinkle 
[J. Amer. Chem. Soc., 1932, 54, 3469), who exam ined 18 bases in 50% ethanol. These authors obtained m aximum  
values of 0 89 and 0-88, and minimum values of 0 30 and 0 26 (average 0-55 and 0 54 respectively).
The ApAg for acridine is the highest ApAg on record and three times as high as the average found by Mizutani 
and by H all and Sprinkle, whose bases had m oderately high solubilities in both water and alcohol. That this is 
not an unreasonably high value follows from the work of Kolthoff, Lingane, and Larson ( / .  Amer. Chem. Soc.,
1938, 60, 2512), who deduced therm odynam ically that the ApAg is a function of the distribution coefficients 
of the different molecular and ionic species involved in the acid-base equilibrium ApAg =  log -f  log — 
log D bh+. where is the distribution coefficient of X  between the two solvents.
The acridine bases now exam ined are much more soluble in alcohol than in water, in contrast with their 
hydrochlorides which are fairly readily soluble in both solvents. It  does not follow that a still more hydrophobic 
substance than acridine w ill exhibit a greater depression, for we obtained a depression of only 0 54 for 6 : 7- 
benzoacridine (unpublished work), but here the extra hydrocarbon ring has developed‘hydrophobic properties 
in the hydrochloride, making it  much more soluble in benzene than is acridine hydrochloride.
The reality of the large depression obtained for acridine was confirmed by measuring the pH  of equimolecular 
amounts of acridine and its hydrochloride at a total concentration of m /2 4 0 ,  using as solvents 50, 40, 30, 20 and 
10% ethanol (by volum e), which gave pAg values of 4T4, 4 35, 4 69, 4 98, 5*20, respectively, a t 20°. B y  
extrapolation to  0% alcohol, the pAg value of 5'55 for water is obtained (cf. 5*60 in Table I), a depression 
of 141  units.
Table III  provides six other exam ples (Nos. 10, 14, 45, 46, 47, and 61) for the calculation of ApAg, which 
varies between 0 41 and 0 9, averaging 0"58 unit.
T a b l e  I.
Effect of alcohol on the ionisation of acridines. 
pA . * in 50% EtOH
at 20° (±0-5°) pAg in HgO
(potentiometric Dilution at 20° (±5°) Dilution
No. Substance. titration). (1/M). (absorptiometry). (1/M). ApAg
— Acridine 4 11 120 5 60 2500 1-49
1 1 - Aminoacridine 3 59 120 4 40 ' 3000 0-81
2 2-Aminoacridine 7 61 t 120 8-04 5000 0-43
3 3-Aminoacridine 503 120 5-88 6000 0-85
4 4-Aminoacridine 5-50 120 6-04 6000 0-54
5 5-Aminoacridine 9 45 t 120 9-99 2500 0-54
* pA* is the negative logarithm of the acidity constant [B][H+]/[BH+].
t  Previously reported (Albert and Goldacre, loc. cit.) as pH of half-neutralisation, but now averaged from ten points 
on the titration curve, as has been done for the other members of this table which have not previously been reported 
in ethanol.
It is som etim es assumed (Dippy, Chem. Reviews, 1939, 25, 151; B ennett and Glasstone, J ., 1935, 1821) 
that a series preserves the same order of pAg in dilute alcohols as in water. Although the data of Table I 
do not contradict this assumption, they do show that the depression of basic strength by alcohol can vary' 
considerably from member to member of a series of isomerides. However, this m ay be an exceptional series 
since three different types of amino-group are involved (Albert and Goldacre, loc. cit.) and it  is unlikely that such
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large differences w ill be encountered where the nature of the amino-group remains unaltered [e.g., the isomeric 
m ethoxy-derivatives of 5-aminoacridine, Table III). Some instances where the order of basic strength of 
fairly closely related amines is reversed by alcohol can be gleaned froni curves published by H all and Sprinkle 
[loc. cit.).
Effect of Temperature on Ionisation.— H all and Sprinkle [loc. cit.), working between 19° and 32°, have shown 
that, in  water, bases become weaker as the temperature rises and th at an alm ost linear relation exists between 
pAg and temperature and between pAg and dpAg/dT. No coefficients appear to  have been determined for  ^
bases in 50% ethanol. As these figures were required for the calculation of some of the values of Table III, 
the pAg values of a weak and a strong base, viz., acridine and 5-aminoacridine, have been determined a t various 
temperatures in the range 5— 40° and are given in Table II. These tw o bases give tem perature coefficients 
of —0 0083 (—Ô-0125) and —0*031 (-0*020) pA gper unit per degree respectively, the values in parentheses being 
those for bases of the same pAg determined in water by H all and Sprinkle. I t  would seem that temperature 
coefficients in  50% alcohol are of the same order as those in water.
T a b l e  II.
Relation between temperature and pAg of a weak and a strong acridine base in  60%
ethanol [dilution — 120).
Temp.
Temp. 6°. 10°. 15°. 20°. 25°. 30°. 35°. 37°. 40°. coeff.
pA«, acridine ......................  4*30 4 24 4 14 4 11 4 05 4 01 3 98 3 97 3 93 - 0  008
pAg, 5-aminoacridine ... 9*93 9 75 9*65 9*47 9 29 9 14 8 95 8*90 8 81 -0*031
Effect of Substituents on Ionisation.— The effect of a  second amino-group on the ionisation of an aminoacridine 
should vary according to  the position in  which it  is inserted, because it  was shown (Albert and Goldacre, loc. cit.) , y 
that (i) the primary amino-group in 3- and 4-aminoacridine had a normal aromatic character,((ii) in l-ammoT^'*^' 
acridine exerted a base-weakening ortho-effect, and (iii) those in the 2- and the 5-isomeride entered into base- 
strengthening resonance w ith the ionised ring nitrogen. T hat the ring nitrogen is the first to  accept a proton in 
all the monoaminoacridines was shown spectrographically by Craig and Short ( / . ,  1945, 419) and by Turnbull 
[ibid., p. 441).
I t  is seen from Table III  th at the introduction of a second amino-group in the 3- or the 4-position increases 
the basic strength b y  a sm all am ount corresponding to the effect that this operation has on acridine itself 
(cf. Nos. 3, 4, 9, 12, 13, 14). I t  does not seem to  m atter whether the primary amino-group originally present 
was also a normal aromatic group (No. 14) or one resonating with the ionised ring nitrogen (Nos. 9, 12, 13). 
W hen the second amino-group is placed in the 2- or the 5-position where it  can resonate w ith the ionised ring 
nitrogen, a  considerably greater increase in basic strength is seen, just as when this operation is carried out on 
acridine itself (cf. Nos. 2. 5, 9, 10, 11, 12, 13). This increase is very great when the first amino-group is normal
(Nos. 9, 12, 13), but even where it  is resonant (Nos. 10, 11, 44) the opportunities afforded for extra resonance by
the contribution of alternative, forms to  the resonance hybrid have increased the basic strength substantially 
more than was effected by a normal amino-group. Just as 2- and 5-aminoacridines are vinylogous amidines, 
so 2  : 5 - and 2  : 8 -diaminoacridines are vinylogous guanidines and hence proportionately stronger as bases.
Finally, the base-weakening character of an amino-group inserted in  the 1-pqsition is m aintained when an 
amino-group is already present (Nos. 1, 6 , 7, 8 ). In  the case of 1 : 9-diaminoacridine (I), the presence of two 
primary amino-groups ortho to  the ring nitrogen have had the effect of excluding the proton from the latter, 
and Craig (this vol., p. 534) has shown spectrographically that the mono- and di-ions have 
the protons on the amino-groups and that the low pH  of 18N-sulphuric acid is necessary to 
force a proton on to  the ring nitrogen. Actually, the first and second pA^ values of this sub­
stance are closer together than those of the other diaminoacridines. The highly weakening 
effect of the 1-amino-group on the basic strength of 2- and 5-aminoacridine (cf. Nos. 7 and 
8) cannot be explained in terms of mere steric hindrance, because the slightly larger methyl 
group, as in 5-am ino-1-methylacridine (No. 23), is base-strengthening. The figures for these tw o diamines lend 
additional support to  a hypothesis advanced for 1-aminoacridine (Albert and Goldacre, loc. cit.) and the analogous
8 -aminoquinoline [idem, Nature, 1944, 153, 467), viz., that an ortho-effect, akin to hydrogen bonding between 
the tw o nitrogen atoms, is interfering w ith the approach of protons to  the ring nitrogen. In all these cases, 
however, the ring nitrogen is still the first to  accept a proton, as the bathochromic nature of the change from base 
to  mono-ion proves (cf. Craig and Short, loc. cit.).
The effect of alkyl substituents in the acridine nucleus should be to  increase the basic strength by a 
small amount, for they are electron-repelling. Reference to Nos. 15 to  32 (Table III) shows that this effect 
m ay vary from 0 09 to  0*59 unit per m ethyl group, excluding cases where there is a m ethyl group in the 1-position.
In  the latter cases, an increase in basic strength is still seen where there is only one m ethyl group ortho to  a ring 
nitrogen of a highly basic character '(6 -am ino-1-methylacridine, No. 23). However, when both ortho-positions , 
are substituted with m ethyl groups, or when the ring nitrogen is not highly basic (Nos. 28, 29; 15, 18, 19, 20,
■ and 22), a significant depression of basic strength is seen. N o (static) steric hindrance to the approach of prqtons 
could explain the depression and elevation of basic strength by the insertion of a m ethyl group in the 1-position 
o f acridine and 5-aminoacridine respectively, since the access and escape of hydrogen ions would be 
prevented equally.
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l-Am ino-9-m ethylacridine (No. 20) differs from its isomerides in that there are tw o mono-ions : the normal 
ion involving the ring nitrogen is red, but it  exists in various solvents in equilibrium with different amounts of a 
colourless form involving the amino-group (see Craig, loc. cit. ; also Experim ental Section).
The phenyl-substituted acridines (Nos. 33— 35) exert a base-weakening effect consonant w ith the electroi^- 
attracting nature of this group. In 5-amino-1-phenylacridine a steric effect is probably present also.
The effect of alkoxy-substituents attached to an aromatic structure is not entirely predictable. As with  
am ino-substituents, there is an electrophilic effect (inductive) and an electron-repelling effect (resonant), but 
with alkoxy-substituents the relative magnitude of the latter effect is not so large. Thus, m-, o-, and ÿ-anisidines 
(and phenetidines) are weaker than, equal to, and stronger than aniline; respectively, as bases. Likewise, 
substitution of an alkoxy-group into acridines (Nos. 36— 44) causes a sm all but variable effect on the p K  
ranging from —0*35 to + 0 '2 4  unit.
T able III.
lonisatioyi of acridines at 20° (J: 0-5°).
(Determined by potentiometry jvith glass electrode in 60% ethanol unless otherwise stated.
were determined by absorptiometry in water.)
Values marked " H»0
No.
Acridine 
Diaminoacridines. 
6 
7
Substance.
8)
1 : 9-
2 : 9 -(=  1
8 1 :5 -
9 3 : fi­
le  2 :5 -
2 : 5- (potentiometry in H^O)
11 2 : 8-
12 2 : 7- {=  3 : 8-)
*13 2 : 6- ( = 4 : 8 - )
14 3 :7 -
C-Alkyl-substituted acridines.
15 1-Methyl-
16 3-Methyl-
17 5-Methyl-
18 1 : 9-Dimethyl-
19 1 : 3 : 4 : 6 : 7 : 9-Hexamethyl-
20 \-Amino-%-methyl-
21 Z-Amino-5-meihyl-
22 4 -Amino- 1-methyl-
23 5-Amino- 1-methyl-
24 5-Amino-2-methyl-
25 6-Amino-3-methyl-
26 5-Amino-4-methyl-
27 5-Amino-l : 3-dimethyl-
28 5-Amino-l : 9-dimethyl-
29 2 : 8-Diamino-1 : 9-dimethyl-
30 2 : 8-Diamino-3 : 7-dimethyl
(acridine-yellow)
31 2 : 8-Diamino-4 : 6-dimethyl-
32 5-Amino-l-ethyl
33 5-Amino- 1-phenyl-
34 5-Amino-3-phenyl-
35 2 : 8-Diamino-5-phenyl-3 : 7-di-
methyl- (Benzoflavine)
Alkoxy-substituted acridines.
Source.
A
B
C
B
D
E
F
C, G
H
I
i
A
L
M
M
G
N
N
N
N
N
NO
P
G
N
N
N
Q
pA..*
4 11
3*55 
6 74
8-78
9-91
1101
11-49
9-50
7-74
8-55
5-64
6-18 (HaO)
3-96
4-60
4-70 
2-88 
3-0
3-22
5-59
4-79 
9-73 
9-71 
9-54 
9-60 
9-99 
8-82
8-51
9-7
1008
9-66
8-67
9-24 
9-11
36 1-Methoxy- (m. p. 134°; lit. gives 
130— 131°)
K 4-19
37 3-Methoxy- R 4-27
38 2 : 8-Dimethoxy- S 5-7
39 5-Amino- 1-methoxy- N 9-38
40 5-Amino-2-methoxy- N 9-57
41 5-Amino-3-methoxy- N 9-10
42 5-Amino-4-methoxy- 9-69
43 2 : 8-Diamino-3 : 7-dimethoxy 9-17
44 2 : 5-Diamino-7-ethoxy- (Rivanol) E 11-04
ApA..f
Acridines.
-0 -0 4  
f -0 -8 7  
l-t-3-15 
f -0 -6 7  
1-1-5-19 
f -f 0-46 
I  4-4-88 
f 4-3-40 
14-1-66 
4-1-50 
4-1-89 
f-fO-13 
14-2-71 
/  4-0-94 
14-3-05 
4-0-61 
4-0-30
1-Amino-
2-Amino- 
1-Amino- 
5-Amino-
1-Amino- 
5-Amino-
3-Amino-
2-Amino- 
5-Amino- 
5-Amino- (11,0) 
2-Amino-
2-Amino-
3-Amino-
2-Amino-
4-Amino-
3-Amino- 
3-Amino- (HgO) 100,000
Diln.
120
300
200
160
40
40
20
40
80
’ 40
600
\  Absorptiometry 
J in 50% ethanol
—0-16; Acridine 80
4-0-49; Acridine 60
4-0-59 ; Acridine 60
— 1-23; Acridine 5,000
— 1-1 ; Acridine 30,000
— 0 37; 1-Amino- 160
4-0-57 ; 3-Amino- 120
— 0-71 ; 4-Amino- 160
-f-0-28; 5-Amino- 60
-[-0-26; 5-Amino- 240
-[-0-09; 5-Amino- 60
4-0-15 ; 5-Amino- 120
-[-0-54; 5-Amino- 60
-0 -6 3  ; 5-Amino- 120
—0-99; 2 : 8-Diamino- 120
-fO-2; 2 : 8-Diamino- 120
4-0 58; 2 : 8-Diamino- 40
-[-0-21 ; 5-Amino- 120
— 0-78; 5-Amino- 300
-0 -2 1 ; 5-Amino- 120
— 0-39; 2 : 8-Diamino- 300
-fO-08; Acridine 120
-fO-16; Acridine 120*'
4-0-1; Acridine 120
— 0-07; 5-Amino- 120
4-0-12; 5-Amino- 120
— 0-35; 5-Amino- 240
4-0-24; 5-Amino- 240
— 0-33; 2 : 8-Diamino- 320
4-0-10; 2 : 5-Diamino- 160
For definition, see Table I. f  That is, the amount by which püT. exceeds that of the parent substance named.
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No.
Chloro-,
45 ■[
46 {
47 {
48
49
50
51
52
53
54
55
56
57
58
59
60
61 {
Substance.
, cyano-, and nitro-substituted 
5-Chloro-2-amino- 
5-Chloro-2-amino- 
7-Chloro-2-amino-
7-Chloro-2-amino-
8-Chloro-2-amino- 
8-Chloro-2-amino- 
8-Chloro-3-amino- 
1 -Chloro-5-amino-
2-Chloro-5-amino-
3-Chloro-5-amino-
4-Chloro-5-amino-
3 ; 7-Dichloro-2 ; 8-diamino- 
2-Chloro-5-amino-7-methoxy-
5-Amino-3-cyano-
1-Nitro-
1 -N itro-5-amino-
2-Nitro-5-amino-
3-Nitro-5-amino-
4-Nitro-5-amino-
2-N itro- 5-amino-7-ethoxy- 
2-Nitro-5-amino-7-ethoxy-
Source.
acridines.
T
U
U
U
N
N
N
N
G
V
N
D
N
E
D
N
E
JV-Alkyl-substituted acridines.
62 2-Dimethylamino-
63 2 : 8-Bisdimethylamino (Acridine
orange)
64 7-Amino-2-dimethylamino-
65 5-Dimethylamino-
66 5-Methylamino-
67 5-Butylamino-
68 5-Heptylamino-
69 5-Dodecylamino-
70 5-Hexadecylamino-
71 5-cyc/oHexylamino-
72 5-Phenylamino-
73 5-(j3-Hydroxyethyl)amino-
74 5-(j3-5'-Acridylamino)ethylamino-
[i.e., bisacridylethylenediamine)
75 hBenzylideneamino-
Miscellaneous acridines.
G
W
G
D
D
V
V
V
V
V 
D 
N
N
D
pÜTa.* ApK„.f Diln.
Acridines.
5 97 — 1-64; 2-Amino- 200
6 74 HgO -1 -3 0 ; 2-Amino (HgO) 100,000
6-53 —1-08 ; 2-Amino- 120
6 95 HgO -1 -0 9 ; 2-Amino- (H.O) 100,000
6*85 — 0-76; 2-Amino 120
7 26 HgO -0 -7 8 ; 2-Amino- (H„0) 100,000
3 98 —1-05 ; 3-Amino- 240
782 — 1-63; 5-Amino- 120
8 33 —1-12 ; 5-Amino- 80
8 31 — 1-02; 5-Amino- 120
7 89 —1-56 ; 5-Amino- 200
7 64 -1 -8 6  ; 2 : 8-Diamino- 400
8 01 — 1-44; 5-Amino- 1,000
7 46 —1-99 ; 5-Amino- 240
3 0 -1 -1 ;  Acridine 375
7*34 -2 -1 1 ; 5-Amino- 240
7 30 -^2-15; 5-Amino- 300
7 3 — 21  ; 5-Amino- .60
6 95 -2 -5 0 ; 5-Amino- 150
6 6 — 2-9 ; 5-Amino- 1,000
7*5 HaO -2 -5 ;  5-Amino- (HgO) 50,000
7-80 -fO-19; 2-Amino- 120
10-04 4-0 54; 2 : 8-Diamino- 160
8-02 -f-0-28; 2 : 7-Diamino- 80
7-53 — 1-92; 5-Amino- 40
9-77 4-0-27 ; 5-Amino- 40
9-35 — 0-10; 5-Amino- 40
9-35 — 0-10 ; 5-Amino- 40
9-1 -0 -4  ; 5-Amino- 40
8-7 -0 -8  ; 5-Amino- 500
8-78 -0 -6 7 ; 5-Amino- 40
7-01 -2 -4 4 ; 5-Amino- 2#
8-77 -0 -6 8 ; 5-Amino- 200
8-52 — 1-0; 5-Amino- 1,200
=  6-92
3-37 -0 -2 2  ; 1-Amino- 400
76 Z-Aminomethyl- M ( 8-74IpKa =  2-1
4-3-71 ; 3-Amino- 100
77 5-j3-Aminoethyl- X f 857IpKo =  3-95
— 0-88 ; 5-Amino- 300
78 5-ÿ-Dimethylaminophenyl- Y 4-4 3,000
79 2-Amino-5-^-aminophenyl- 
(“ Phosphine ”)
Z 7-71 4-0-10; 2-Amino- 120
80 5-^-Aminostyryl- AA 5-10 1,000
81 5-m-Aminostyryl- AA 4-43 600
82 5-^-Dimethylaminostyryl- AA 3-07 1,200
83 1 : 2 : 3 :  4-Tetrahydro- BB 5-07 -fO-96; Acridine 120
84 5-Amino-1 : 2 : 3 : 4-tetrahydro- N 9-40 — 0-05 ; 5-Amino- 60
85 3-Aminoacridan D 4-72 -0 -3 1  ; 3-Amino- 80
* For definition, see Table I. f  That is, the amount by which pK^ exceeds that of the parent substance named.
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The effect of chlore-, cyano-, and nitro-substituents, because of their strong electron-attracting character, 
is to diminish the basic strength of acridines very considerably. Among the monochloro-derivatives (Nos. 46—  
54) a depression of —0*76 to  — 1 6 4  units is observed, among the nitro-derivatives (Nos. 56— 61) from — IT —  
—2 9, and the cyano-derivative (No. 65) has a depression of —1-99 units. I t  is noteworthy that the marked 
differences [e.g., - f 2 ’8 units) between the basic strengths of isomeric nitroanilines do not occur here because 
the peculiar resonance forms of o- and ^-nitroanilines have no close representatives in the present 
compounds.
The effect of iV-methyl substitution on the basic strength of aminoacridines is in general similar to its  
effect on th at of aromatic amines which H all and Sprinkle found [loc. cit.) to increase by 0  2 unit for each m ethyl 
group inserted (see Nos. 62, 63, 64, 66 ). As the amines under consideration are all derivatives of 2- and 
5-aminoacridine, which owe their high basic strength to ionic resonance, it  seemed likely that alkylation m ight 
so change the equivalence of the resonance forms that the basic strength would be seriously altered (cf. 
guanidine; Pauling, “ Nature of the Chemical B ond,” New York, 1942, p. 213). The results suggest that  
equivalence has not been seriously disturbed.
6 -Dimethylaminoacridine (No. 66 ) shows a large depression of basic strength, indicating that ionic resonance 
has been diminished by  steric interference between a m ethyl group and a hydrogen atom  in the 4 - or 6 -position. 
This overlap of covalent radii is critical because a very small decrease in the distance, as in 6-amino-4-methyl- 
acridine (No. 26) or (through bending of the N “ C® bond) in 6 -methylaminoacridine (No. 6 6 ), prevents this fall 
in
Nos. 72— 76 represent types of electron-attracting iV-alkyl substitution which are always base-weakening, 
as here.
Miscellaneous substituents (Nos. 76— 86). The insulating effect of one or two m ethylene groups is seen 
in Nos. 76 and 77, where the first proton goes on to  the side chain and the first pK„ value approximates to  that 
of benzylamine (9*4) because the interaction between the amino-group and the conjugated system  is largely 
eliminated. There is no colour or fluorescence change on adding the first proton, but addition of the second 
proton causes a  change in  colour from cream to  yellow  and in fluorescence from violet to  green, all characteristic 
of the ionisation of the ring nitrogen in acridine itself and at a similar pK^. That 6-p-aminoethylacridine can 
form a di-ion a t pH  4 stands in contrast to  6-aminoacridine, which, because o f the intense resonance in the  
mono-ion, gives no (spectrographic) evidence of the formation of a di-ion even in  concentrated sulphuric acid 
(Craig, private com m unication). I t  is evident that insulating m ethylene groups provide a further method for 
converting weak heterocyclic bases into bases fully ionized at pH  7 w ithout recourse to quaternisation or to  
ionic resonance.
Nos. 78— 82 form a group of acridines w ith highly conjugated substituents in the 6-position. The fact that 
certain of these w ith  ^ -am ino-substituents (Nos. 78, 80, 82) formed purple to blue mono-ions w hilst an isomeride 
with a m -am ino-substituent (No. 81) did not, suggested th at a base-strengthening resonance m ight be present, 
involving both nitrogen atom s. However, the low basic strength shows that this is not the case, and that the  
separate resonances of the acridine and the phenylene portion of the molecule m ust be too unrelated for this 
to occur.
A few partly hydrogenated acridines (Nos. 83— 86) are seen not to  differ greatly from their acridine analogues, 
and m ay be contrasted with the behaviour of pyridine [pK^ 6 *0 ) and its hydrogenation product piperidine 
[pK„ 116).
The effect of acidic substituents is recorded in  Table IV. Only derivatives of monoacidic bases (acridine 
and 2 - and 6 -aminoacridine) were examined, so that only one of each pair of pK a  values can refer to a cationic 
ionisation. The correct allocation of the values was simplified by consideration of the ester (Nos. 89, 92, and 97) 
in which the carbomethoxy-group, as expected, has caused a fall in basic strength (—1-22 to  —2T6 pK^, units) 
intermediate between that shown by the nitro- and the chloro-derivatives. The amide group (in No. 96) 
behaved similarly.
It is known that the carbom ethoxy- and the carboxy-group have an equal effect on the ionisation of another 
group in the same molecule (Edsall and Blanchard, J . Amer. Chem. Soc., 1933, 55, 2337). Hence, any differences 
seen ip the present series between the pK^  ^ values of the esters and the corresponding acids m ust be attributed  
to the usual interaction between the ionised (acidic and basic) groups of the latter, as in glycine. Such inter­
action increases the basic strength relative to  that of the ester, in the present examples from -j-1*4 to +  T 6 pK^  
units (cf. Gane and Ingold, J ., 1931, 2163).
The effect of 60% alcohol on the basic constants (as determined in  water) provides another diagnostic test  
for ” zwitterion ” structure in amino-carboxylic acids. Jukes and Schm idt [J. Biol. Chem., 1934, 105, 369) 
having shown that the usual depression of basic strength in bases (see above) is often lacking and a slight 
elevation m ay even occur. Although these authors worked only w ith aliphatic acids, this effect is seen in N os. 
86 and 87. (The pK^  of the acid group is not of diagnostic value, as acid strength is decreased by alcohol 
whether the compound is a zwitterion or not.)
The three acridine monocarboxylic acids showed only one marked colour change, corresponding to th e  
basic pKa,
Acridine-1-carboxylic acid and its 6 -amino-derivative (Nos. 86  and 94) exhibit an enormous increase in  
basic strength over their 3-isomerides (ApA„ =  +  2 66  and +3*7 respectively). This is attributable to  
Coulombic interaction between the charged groups (Gane and Ingold, loc. cit.), which are very close here, and to
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T a b l e  IV.
Ionisation of amphoteric acridines and some derivatives at 20°.
(Determined potentiometrically in 50% ethanol unless otherwise stated.
absorptiometry in water.)
Values marked " HjO ” were determined by
No.
86
87
88
89
90 
*91
92
*93
94
t95
96
f97
*98
*99
*100
*101
Substance. Source.
< Acridine-1-carboxyîic acid M
 ^Acridine-\-carhoxylic acid 
( Acridine-Z-carhoxylic acid M
\Acridine-Z-carboxylic acid 
Acridine-5-carboxylic acid CC
Methyl ester of No. 88 K
f Acridine-3-sulphonic acid DD
I Acridine-3-sulphonic acid
2-Aminoacridine-7-carboxylic acid EE
(Methyl ester of No. 91 M
\  Methyl ester of No. 91
f 2-Aminoacridine-7-sulphonic acid • FF
12-Aminoacridine-7-sulphonic acid
5-Aminoacridine-1-carboxylic acid N
5-Aminoacridine-3-carboxylic acid N
Amide of No. 95 N
Methyl ester of No. 95 N
5-Amino- 1-hydroxyacridine N
5-Amino- l-hydroxyacridine 
5-Amino-2-hydroxyacridine N
5-Amino-2-hydroxyacridine
5-Amino-3-hydroxyacridine N
5-Amino-3-hydroxyacridine
5-Amino-4-hydroxyacridine N
5-Amino-4-hydroxyacridine
pKa (basic).
7 98
7-72 (HgO) 
5 42
5 22 (HgO)
6-0 (HgO)
3-45 (HgO) 
396
4-74 (HaO)8 0 (HaO)
6 39
7-1 (HaO)
7 32
7 6 (HaO)
13
9-35
8 20 
796
> 1 2
>12  
> 1 2  
12 3
Ap/fa (basic).
-f-3'87 ; Acridine
4-2T2; Acridine (HaO) 
-j-l"31 ; Acridine
— 0 38; Acridine (HaO)
— 0 6 ; Acridine (HgO)
— 2*15; Acridine (HgO)
— 0*15; Acridine
— 0 8 6 ; Acridine (HgO)
— 0 04; 2-Aminoacridine
(HgO)
— 1 22; 2-Aminoacridine
— 0 9; 2-Aminoacridine
, (HgO)
— 0 29; 2-Aminoacridine
— 0 4; 2-Aminoacridine
(HgO)
4-3 6 ; 6-Aminoacridine
— 0 T ; 5-Aminoacridine
— 1 25; 5-Aminoacridine 
—1-49; 5-Aminoacridine
>4-2-5; 5-Aminoacridine
pKa (acidic). 
3 1
2 9
3
None
2-5
2 3
None
None
< 2
>4-2*6; 5-Aminoacridine
>4-2*5; 5-Aminoacridine
4-2-8; 5-Aminoacridine 
-[-2*8; 5-Aminoacridine
2*7
4*06
None
None
7*79
7*06 (HaO) 
7*18
6*63 (HgO) 
8*55
7*71 (HaO) 
6*00
6*61 (HaO)
Dilution
600
5.000
1.000
13.000
50.000
14.000 
60
600
100.000
300
100.000
600
21.000
300
1,100
240
300
120
5.000 
120
5.000 
120
5.000 
120
6.000
* Some values for these compounds have been previously reported with the basic and acidic pK . values reversed, 
f  From these figures the zwitterionic ratio [KI) in No. 95 is seen to be 7900 (pK, =  3*90).
K, M, and N; as in Table III.
CC. Homberger and Jensen, J . Amer. Chem. Soc., 1926, 
48, 800.
DD. MatSumura, ibid., 1935, 57, 1533. 
EE. Albert and Goldacre, / . ,  1943, 454. 
FF. Aarons and Albert, / . ,  1942, 183.
hydrogen bonding which causes the proton to be more firmly attached to the molecule, as in (II), (III) or a 
resonance hybrid of both. Consequently, the change from ^N H ®  to takes place at a higher pH value.œo
(II.) À (III.)
Though zwitterionic nature has not previously been attributed to phenolic derivatives of moderately strong 
bases (pJ^ a 8— 12), the hydroxy-derivatives of 6-aminoacridine (Nos. 98— 100; Table IV) must ionise in this 
way because the lower pK^ [e.g., 7*71 for 6-amino-3-hydroxyacridine in water) increases when alcohol is added. 
As this behaviour is not that of a normal basic group, and as the basic group of a zwitterion would have to be 
the higher of the two values, the lower pK^ is assigned to the acidic group. Further, the bathochromic change 
at pH 7 on adding alkali (from yellow to orange) is typical of the ionisation of a phenolic group, whereas the 
hypsochromic change (from orange to yellow) at pH 12 is not.
This increase in acid strength above the values found for the relevant hydroxyacridines [pK^ ca. 10) is 
heightened by resonances involving keto-fonns in the 2- and 4-isomerides. Hydrogen bonding between the 
primary amino-group and the negatively charged oxygen atom (forming a 6-membered ring) still further heightens 
the acid strength of the 4-isomeride by hindering the approach of hydrogen ions to the oxygen. As there is 
evidence (see above) for hydrogen bonding in 1-aminoacridine and its derivatives, it is surprising that it is not 
more discernible in 1-hydroxyacridine (Albert and Goldacre, loc. cit.) and 6-amino-1-hydroxyacridine.
In a collateral publication (Albert, Rubbo, Goldacre, Davey, and Stone, loc. cit.) these hydroxy-derivatives 
of 6-aminoacridine were described as anomalous in that they did not exert an antibacterial action proportional 
to the amount of cation believed to be present (at pH 7*3), the pK^ values being computed by adding 0*5 to the 
values obtained in 60% alcohol. Direct determination of the pi^  ^values in water has how revealed the (partly) 
zwitterionic nature of these compounds, which renders the computation inapplicable. It is now seen that the 
3-isomeride (No. 100) contains only 76% cation at pH 7 3 (20°), and the other isomerides still less.
The pKg, values of the two sulphonic acids were assigned by rough analogy to the carboxylic acids although 
no elevation of the basic pK^ value by alcohol was observed.
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Potentiometric Titrations.—These were carried out by running N/20-hydrochloric acid in 50% aqueous alcohol into a 
mechanically stirred solution of the base (usually 0-00025 g.-mol. in 40 ml.), followed by N/20-potassium hydroxide if 
acid groups were present. The solution was contained in a thermostatically jacketed beaker containing the glass and the 
calomel electrode supplied with the Leeds and Northrup Universal pH potentiometer set, to which they were connected 
with insulated and shielded leads. The set was checked with buffer solutions throughout its pH range. The values 
obtained were corrected, where necessary, for hydrolysis of the salt formed, and above pH 10, for potassium-fon error. 
No correction was made for any effect of alcohol on the glass electrode or on the saturated potassium chloride salt junction. 
Running alkali into a solution of the hydrochloride of- a base was avoided, particularly when the base had a high pKa, 
to prevent potassium-ion error in the glass electrode. No such error arises with organic cations. A typical result is as 
follows :
No. 16 . Z-Methylacridine (5 0 %  e t h a n o l;  M /6 0 -so lu t io n ) .
% Neutralized ........................ 10 21 32 42 53 63 74 84
pKa .............................................  4-61 4-62 4-59 4-58 4-56 4-58 4-62 4-61
With 5-aminoacridine (and with many of its derivatives of pKa above 9), a slight but definite apparent decline in basic 
strength is seen after 60% neutralisation and is attributed to association, e.g., one where a resonance association between 
ion and base causes a proportion of the latter to combine with its own ion. A striking example of this effect is the 
following :
No. 3 5 . Benzoflavine (5 0 %  e t h a n o l;  M /3 0 0 -so lu t io n ) .
% Neutralized ....................................  27 43 59 75 91
pKa .........................................................  9-15 9-14 9-03 8-62 8-2
The tendency to micelle formation of benzoflavine is illustrated by the gelling of a M/50-aqueous solution of its hydro­
chloride. Gelling does not occur in 50% alcohol, but the titration figures indicate that the micelles are not completely 
broken up in spite, of the lower dielectric constant of the solvent. /
Absorptiometry.—A solution of the hydrochloride of the base was added to a series of M /100-buffers of different pH 
so that the final concentration of the base was about m/1 0,000. Some substances, notably zwitterions, were so insoluble 
that they had to be measured at m /50,000. Where precipitation prevented a satisfactory reading being obtained, 50% 
alcoholic buffers were used. These usually had a pH of about 1 unit higher than the aqueous buffers from which they 
were prepared (effect of alcohol on the pKa of the buffer acid). The approximate wave-length of maximum difference, in 
extinction coefficient (e) between the solution of the ion and the base was noted on a Pulfrich photometer, and the extinc­
tion measured at intervals of about 0-5 pH unit on a sensitive model Hilger Spekker absorptiometer fitted with Ilford 
gelatin filters. From the degree of ionisation found at various pH values, the pKa was calculated and averaged. The 
difficult determination of the pKg of 5-aminoacridine, where a suitable difference in e extends over only 40 a . ,  was 
accomplished by using the 4360 a. mercury line (isolated with a filter).
l-Amino-9-methylacridine.—3-Methylanthranilic acid, o-bromonitrobenzene, and dehydrated potassium carbonate 
(10 g. of each), catalytic copper (0-1 g.), and cyc^ohexanol (20 ml.) were refluxed for two hours in a bath at 175°. After 
steam-distillation, the residual solution was filtered from copper, acidified, and filtered at the boil, giving 12 g. of brown 
crystals, m. p. 180°. Recrystallisation from 60% alcohol and from 80 parts of benzene gave bright yellow crystals of 
2'-nitro-6-metkyldipkenylamine-2-carboxylic acid, m. p. 188—189° (Found: C, 62-2; H, 4.4; N, 10-3. Ci^H g^O^Ng 
requires C, 61-7 ;. H, 4-45 ; N, 10-3%). This acid HO g.) was heated in a boiling water-bath for 15 minutes with sulphuric 
acid (70 ml.) cautiously poured into boiling water (500 ml.), and the mixture heated for  ^hour on the boiling water-bath. 
The l-nitro-9-methylacridone was filtered off, washed, digested at 80° with dilute ammonia, washed with boiling water, 
and dried at 120° ; yield, 70%, m. p. 226°. After recrystallisation from 50 parts of pyridine trihydrate and then from 150 
parts of boiling alcohol, yellow-orange needles, m. p. 228°, were obtained, moderately soluble in glacial acetic acid or 
toluene (Found : N, 11-0. C^^HioOgNg requires N, 11-0%). Alcoholic sodium hydrpxide gives a scarlet solution of the 
sodium derivative.
l-Nitro-9-methylacridone (5-3 g.), sodium bicarbonate (26 g.), and alcohol (150 ml. of 90%) were placed in a flask 
immersed in a bath maintained at 70°, stirred vigorously whilst a rapid stream of carbon dioxide was passed through the 
suspension, and sodium amalgam (270 g. of 2|%) added during 1  ^hours. The contents were then refluxed for an hour, 
cooled, and filtered. The filtrate was taken to dryness and added to the precipitate, which was then treated with dilute 
acetic acid until effervescence ceased. The precipitate was freed from mercury and suspended in concentrated hydro­
chloric acid (50 ml.). Ferric chloride (140 ml. of 10%) was added, and the solution boiled for 15 minutes and filtered. 
The filtrate was concentrated to 50 ml. and refrigerated, yielding yellow crystals which were powdered, suspended in 
boiling sodium hydroxide solution, filtered, and recrystallised from light petroleum (50 parts). Yield 50% of l-amino-9- 
niethylacridine, yellow-orange needles, m. p. 111°, very soluble in methanol, alcohol, and benzene, all without fluorescence 
(Found : C, 80-7; H, 5-9; N, 13-4. C^^HigNg requires C, 80-7; 5-9; N, 13-5%). The deep red solution in boiling
0-5N-hydrochloric acid turns pale yellow on cooling and deposits white crystals ; this effect is reversible by re-heating. 
Unlike 1-aminoacridine, it does not give a red colour in 10% acetic acid. The yellow dihydrochloride crystallizes out of 
concentrated hydrochloric acid on cooling, as happens with 1-aminoacridine. The hydrochlorides do not diazotize 
normally, but give a white precipitate of the azoimide with nitrous acid, just as 1-raminoacridine does (cf. similar behaviour 
of 8-aminoquinoline under special conditions, Boehringer, D.R.P., 613,627).
S-Amino-5 -methylacridine. 3-Nitro-5-methylacridine (2-5 g. ; Jensen and Rethwisch, J. Amer. Chem. Soc., 1928, 
50, 1144), stannous chloride crystals (11-25 g.), and concentrated hydrochloric acid (15 ml.) were heated in a boiling 
water-bath for an hour, and treated with sufficient sodium hydroxide solution to redden Orange-II paper. On recryst- 
alhsation of the precipitate from alcohol, bright yellow crystals were obtained (80% yield), m. p. 210—211°, unaltered 
by further recrystallisation (Found : N, 13-3. C^^HiaNg requires N, 13-45%). This substance was obtained in an 
impure state by Sharp, Sutherland, and Wilson ( /., 1943, 344). The base (1-4 g.) and acetic anhydride (3 ml.) were 
heated at 105° for  ^hour and washed with light petroleum-benzene (2 : 1). On recrystallisation from alcohol-benzene, 
pale yellow crystals of 3-acetamido-5-methylacridine, m. p. 273° (sealed tube),, were obtained (90% yield) (Found: 
N, 11-2. Calc, for C^gHi^ONg : N, 11-2%). The above authors reported m. p. 260° (decomp.), but the late Prof. F. J. 
Wilson confirmed our sharp m. p. later in 1943, using a sealed tube.
3-Amino-5 : 1 0 -dimethylacridinium bromide was prepared as 3-amino-10-methylacridinium bromide (Albert and 
Ritchie, / . ,  1943, 458} and purified by recrystallisation from 7 parts of water; deep red crystals, remaining hydrated at 
110°, m. p. 259—260° (sealed tube) (Found : N, 8-8 .' Ci5H i5NgBr,HgO requires N, 8-7%). The red aqueous solution 
does not fluoresce. It gives no precipitate with sodium carbonate. Sodium hydroxide gives an immediate pale yellow 
precipitate of the pseudo-base, soluble in ether, and converted in turn into the red methobrornide, and the yellow hydro- 
bromide of the latter, by hydrobromic acid.
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Z-Aminomethylacridine. 4'-Cyanodiphenylamine-2-carboxylic acid (2-38 g. ; Albert and Gledhill, / .  Soc. Chem. Ind., 
1945, 64, 169), aqueous ammonia (60 ml. of 10%), and Raney nickel (ca. 0-5 g.) were hydrogenated at room temperature 
and pressure. The mixture was filtered, and the filtrate boiled until free from ammonia, acidified slightly with acetic 
acid, and refiltered. The precipitate was dried at 120°, extracted with alcohol (30 ml.), taken up in alkali, and the solution 
stirred with decolorizing carbon, filtered, and acidified with acetic acid, affording 4/-aminomethyldiphenylamine-l- 
carboxylic acid (70%) as a yellow-orange solid decomposing at about 200° (sealed tube), practically insoluble in common 
organic solvents and in water (Found : C, 69-3; H, 6-0; N, 11-5. requires C, 69-4; H, 5-8; N, 11-6%).
The hydrochloride is almost insoluble in water but dissolves readily in alcohol.
The above acid (2 g.) and sulphuric acid (6 ml.) were heated for  ^ hour in a boiling water-bath, cooled, poured into 
water, and made just alkaline to phenolphthalein. The precipitate was dissolved in alcoholic sodium hydroxide, treated 
with charcoal, filtered, and the Z-aminomethylacridone pxecipitdcteà by adding water; bright yellow solid, m. p. 340® 
(sealed), almost insoluble in all common solvents (Found: C, 74-9; H, 5-5. requires C, 75-0; H, 5-4%).
It dissolves in concentrated hydrochloric acid and is precipitated on the addition of 2 vols, of water ; on further dilution 
a violet fluorescence appears.
3-Aminomethylacridone (3-4 g.) and alcohol (67 ml.) were stirred for 2 hours at 80° whilst a brisk stream of carbon 
dioxide was passed through the mixture and sodium amalgam (54 g. of 2^%) added. Stirring and heating were continued 
for 2 hours more and the mixture was then filtered. The filtrate was taken to dryness, and the residue was dissolved in 
dilute hydrochloric acid, treated with ferric chloride crystals (8 g.), and boiled for  ^ hour. Sodium carbonate was then 
added to faint alkalinity to litmus, and the solution filtered from iron carbonates. The precipitate was boiled once with 
water, filtered, and the combined filtrates concentrated to 40 ml. and chilled. The crystals were filtered off, dissolved in 
water (10 ml.), made faintly alkahne to litmus (precipitate rejected) and then chilled and made alkaline to orange-II paper. 
The oily precipitate solidified after scratching and refrigeration. It was filtered off and dried in a desiccator. From this 
crude base (1-6 g. ; 50% yield) Z-aminomethylacridine hydrochloride was prepared by dissolution in water (7 ml.) with 
1 equiv. of concentrated hydrochloric acid. After dilution with acetone (7-5 ml.) and refrigeration, the hydrochloride 
was filtered off, washed with acetone, and dried at 120°, forming a creamy-white powder very soluble in water with violet 
fluorescence (Found : N, 11-6. Ci4HigN2,HCl requires N, 11-5%). The dihydrochloride is yellow with a slight orange 
fluorescence. The free base forms buff crystals from 33% methanol and decomposes above 130° without melting sharply. 
It is volatile in steam and sternutatory . It is soluble in about 5 parts of boiling methanol (with a violet fluorescence) and 
rather soluble in cold water, but precipitated by excess of sodium hydroxide (Found : C, 80-7 ; H, 6-0 ; N, 13-3. C^^HigN, 
requires C, 80-7 ; H, 5-8 ; N, 13-45%). It is decomposed by hot alkaline solutions, and is considerably less stable than
5-aminoethylacridine.
Acridine-\-carboxylic acid. Acridone-1-carboxylic acid (2-75 g.) was stirred with 0-5N-aqueous sodium hydroxide 
(25 ml.) for 2 hours at 80° whilst sodium amalgam (21 g. ; 2|%) was added. The mixture was then boiled for 2 hours, 
filtered, and the filtrate made acid to methyl-orange with hydrochloric acid. The solution was boiled with a 3-fold 
excess of ferric chloride, made alkaline with solid sodium carbonate, and filtered whilst hot. The cake was extracted 
with sodium carbonate solution and the combined filtrates were treated with hydrochloric acid until methyl-orange paper 
was reddened. The precipitate (2-1 g.) was extracted with alcohol (200 ml.), and the extract concentrated to 15 ml. and 
diluted with water (60 ml.). Acridine-\-carboxylic acid (yield 60%) formed yellow crystals, m. p. 189— 190° (Found : 
C, 75-1 ; H, 4-1; N, 6-3. Ci^HgOgN requires C, 75-3; H, 4-1; N, 6-3%), moderately soluble in hot water (with gradient) 
and in alcohol (almost colourless solution with very faint green fluorescence). It is sparingly soluble in benzene, very 
sparingly soluble in dilute acetic acid, and gives a bright yellow solution in dilute hydrochloric acid with a bright green 
fluorescence and a pale yellow solution in dilute sodium hydroxide with a moderate, green fluorescence.
Acridine-Z-carboxylic acid. Acridone-3-carboxyhc acid (4 g.) was reduced with aluminium amalgam in water (method 
of Aarons and Albert, / . ,  1942, 183). The combined filtrates and washings were treated with ferric chloride at the boil 
until the green colour of the acridan-acridine meriquinonoid complex disappeared. A great excess of ferric chloride was 
required because the complex, like the violet complex arising in the reduction of acridone-3-sulphonic acid, is stabilised 
by the electron-attracting substituent and the usual potassium ferrocyanide test for complete oxidation is invalid.
The precipitate was taken up in sodium carbonate solution, filtered, made neutral to litmus, and the acridine-Z- 
carboxylic acid filtered off and recrystallised from aqueous cellosolve, giving buff, sternutatory crystals, decomposing 
without melting at 270° (Found : C, 75-8; H, 3-9; N, 6-5. C^^HgO^N requires C, 75-3; H, 4-1 ; N, 6-3%). It is 
slightly soluble in water with a green fluorescence that becomes violet on dilution, practically insoluble in all 
common organic solvents, slightly soluble in dilute hydrochloric acid with a yellow colour and green fluorescence, and very 
soluble in dilute ammonia with a brilliant blue fluorescence that becomes violet on dilution.
Methyl 2-aminoacridine-l-carboxylate. 2-Aminoacridine-7-carboxylic acid (1 g. ; Albert and Goldacre, / . ,  1943, 
454), methanol (10 ml.), and concentrated sulphuric acid (0-6 ml.) were refluxed for 6 hours, poured into ice and water, 
and made alkaline with sodium carbonate. The precipitate was taken up in cold, dilute acetic acid, the solution filtered, 
and the filtrate precipitated with sodium carbonate. After recrystallisation from 250 parts of 50% acetone, 0-4 g. of 
the ester was obtained as orange crystals, m. p. 280° (sealed tube) (Found : 0 ,71-2; H, 4-7 ; N, 11-2. CigH^gOgN,
requires C, 71-4; H, 4*8; N, 11-1%). It is'somewhat soluble in methanol with an orange colour and intense green fluor­
escence, but almost insoluble in benzene and toluene. The hydrochloride is scarlet and dissolves in water with a green 
fluorescence. It diazotizes and couples normally.
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I n  a previous comunication (Rubbo, Albert and Maxwell, 1942) it was established 
th a t the antibacterial activities of proflavine, the flve mono aminoacridines and acridine 
were roughly parallel to their strengths as bases, and the opinion was expressed tha t 
a high degree of basicity would probably be found to be an essential attribute for 
marked bacteriostasis in the acridine series. At the same time it was pointed out 
th a t the active compounds owed their high basicity to a special electronic arrangement 
known as “ Extra Ionic Resonance,” which can occur in acridine only when an amino 
group is present in the 2- or 5-position of the acridine ring. Consequently, it was left 
an  open question whether active bacteriostasis was due (a) to high basicity per se or 
(6) to the real cause of this increased basicity, viz. extra ionic resonance, or (c) to a 
combination of both effects.
The aim of the present work has been to extend the above investigation to a repre­
sentative cross-section of acridine derivatives with a view to discovering the physical 
and chemical basis for the antibacterial action of these substances, and to formulate 
physico-chemical standards with which to predict activity in this series.
The results of this investigation show quite clearly that the most essential property 
for marked antibacterial action is a basicity sufficiently high to effect at least 60 per cent 
ionization at pH  7-3 (37° C.). On the other hand, the activity of an aminoacridine, 
no less than tha t of any other drug, may be modifled, advantageously or disadvan- 
tageously, by alteration of structure and of certain physico-chemical characteristics 
of the molecule. The conclusions described herein have been reached by the re-exami­
nation of 30 typical examples of the 130 acridines whose antibacterial activities have 
been determined previously in the literature and by the synthesis of 77 completely 
new compounds.
Apart from the fundamental objectives of this work, we have attempted to direct 
attention to the clinical possibilities of .some new aminoacridines.
MATERIAL AND METHODS.
Chemical.
The methods of preparation and melting-points of the 107 acridines synthesized 
for this work are given in Table I.
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T a b l e  I .— The Preparation of the Compounds Used in This Survey.
Preparation.Substance.
6 5 4
Acridine
M. pt. °C. 
110 British Drug Houses, recrystallized from 
dilute alcohol.
9 10
M  onoaminoacridines.
1-Aminoacridine . 106 . Albert and Ritchie (1941), J.S .C .I., 60, 120.
2-Aminoacridine . . . . . 218 Ditto
3-Aminoacridine . . . . . 214
4-Aminoacridine . . . . . 180
5-Aminoacridine (acramme yeUow ; mon- . 234 . Idem  (1942), Organic Synth., 22 , 5.
acrin) ^
Diaminoacridines.
1 : 5-Diaminoacridine . Attempts to synthesize this have so far been
unsuccessful.
2 : 5-Diaminoacridine . (dec.) . Albert and Gledhill (1942), J.S.G .I., 61, 159.
2 : 6 -Diaminoacridine . 214-6 . Albert and Linnell (1936), J.C .S., 8 8 .
2 : 7-Diaminoacridine (acramine red) . . 350 . Austrahan Pat. 115,480 ; Gt. Britain 15,589/
(dec.) 41 to University of Sydney.
2 : 8 -Diaminoacridine (proflavine) . 277 . Albert (1941), J.G.S., 121 and 484.
2 : 9-Diaminoacridine . 241 . Albert and LinneU (1936), J.G.S., 1614.
1 : 9-Diaminoacridine . 177 . Lahey, unpubhshed.
3 : 7-Diaminoacridine . 303 . Bogert, Hirschfelder and Lauffer (1930), Goll.
Czech. Chem. Comm., 2 , 383.
3 : 5-Diaminoacridine . 229 Albert and Ritchie (1943), J.G.S., 458.
4 : 5 -Diaminoacridine — . Attempts to synthesize this have so far been
unsuccessful.
Substituted 6-Aminoacridines.
5-Amino-1-methylacridine . 192-3 Albert and Gledhill, in the press (action of
ammonium carbonate on 5-chloro-1-methyl-
5-Ammo-2-methylacridine 
5-Amino-3-methylacridine 
5-Amino-4-methylacridine 
5-Amino-l : 3-dimethylacridme 
5-Amino-l : 9-dimethylacridine 
5-Amino-1 -methoxyacridine
5-Amino-2-methoxyacridine
5-Amino-3-methoxyacridine
5-Amino-4-methoxyacridine
5 -Amino-1 -hydroxyacridine
5-Amino-2-hydroxyacridme 
5-Amino-3-hydroxyacridine 
5-Amino-4-hydroxyacridine 
5 -Amino-l-chloroacridine .
5-Ammo-2-chloroacridine .
217
241
243
167
136'
241-2
194-5
225
273
244
(dec.)
over 360 
178 
(dec.) 
223-4
263
acridine).
Albert and Gledhill, unpubhshed (as last). 
Ditto.
Albert and Gledhill, unpubhshed (action of 
ammonium carbonate on 5-chloro-l-meth- 
oxy-acridine). .
Drozdov and Cherntzov (1935), J. gen. Chem. 
Moscow, 5, 1736.
Albert and Gledhill, unpublished (as 1- and 2- 
isomerides).
Albert and Gledhill, unpubhshed (action of 
hydrobromic acid on corresponding methoxy 
compound).
Ditto.
Albert and Gledhih, unpubhshed (action of 
ammonium carbonate on 1 : 5-dichloro- 
acridine).
Albert, Dyer and Linnell (1937), Quart. J . 
Pharm., 10 , 649.
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Substance.
5-Amino-3-chloroacridine
5-Amino-4-chloroacridine 
5-Amino-1-nitroacridine
5-Amino-2-tiitroacridine 
5-Amino-3-nitroacridine 
5-Amino-4-nitroacridine 
5-Amino-1 -phen yl acridine
5-Amino-3-phenylacridine
5-Amino-3-cyanoacridine
5-Aminoacridine-1 - carboxylic acid 
5-Aminoacridine-3-carboxamide .
5-Aminoacridine-3-carboxylic acid
. 5-Amino-3-carbomethoxya cridine (methyl 
ester of above)
o-Amino-6 : 7 : 8 : 9-tetrahydroacridine
5-Amino-2-nitro-7-ethoxyacridine 
5-Amino-2-chloro-7-methoxyacridine .
5-Methylaminoacridine 
N  : N'-6is(5-acridyl)ethylenediamine .
5-Butylaminoacridine
5-cycZo-Hexylaminoacridine 
5-Heptylaminoacridine (-[- HCl) 
5-Dodecylaminoacridine 
5-Hexadecylaminoacridine 
5-(P-Hydroxyethyl) aminoacridine
2-Chloro-5-(4'-diethylamino-l'-methyl)butyl- 
amino-7-methoyxacridine (Mepacrine or 
atebrin) ( +  2HCI)
Ditto (free base) . . . .
Substituted 2- and 3- Aminoacridines.
3-Amino-5-methylacridine .
3-Amino-8-chloroacridine .
2 -Amino-7-chloroacridine .
2-Amino-8-chloroacridine . 
2-Aminoacridine-7-carboxylic acid
T a b le  I (continued). 
M. pt. °c.
. 274-5
261
193
290-5
(dec.)
300
(dec.)
223
(dec.)
210-1
215-6
300-1
315
(dec.)
312
(dec.)
(dec.)
179-80
310
271
173-4
229
100-2
170-1
138
67
66
203
243^
83-5
210-1
267-9
240
(dec.)
220
(dec.)
Preparation.
Albert and Gledhill, unpublished (as 1-chloro- 
isomeride).
Ditto.
Albert and Gledhill, unpublished (action of 
ammonium carbonate on 5-chloro-l-nitro­
acridine).
Albert and Gledhill (1942), J.S.G .I., 61, 159.
Albert and Ritchie (1943), J.G.S., 458. '
Albeit and Gledhill, unpublished (as 1-nitro- 
isomeride).
Albert and Gledhill, unpublished (action of 
ammonium carbonate on 5-chloro- 1-phenyl- 
acridine).
Ditto.
Albert and Gledhill, unpublished (action of 
ammonium carbonate on 5-chloro-3-cyano- 
acridine).
Albert and Gledhill, unpublished (as 3-carbo- 
xylic acid, below).
Albert and Gledhill, unpubhshed (action of 
ammonium carbonate on 5-chloroacridine- 
3-carboxamide).
Albert and Gledhill, unpubhshed (action of 
ammonium carbonate on 5-chloroacridine-
3-carboxylic acid).
Albert and Gledhill, unpubhshed (action of 
ammonium carbonate on 5-chloro-3-carbo- 
methoxy acridine ).
Albert and Gledhill, unpubhshed (action of 
ammonium carbonate on 5 chloro-6 : 7 : 8 :
9-tetrahydroacridine).
Albert and Gledhill (1942), J.S.G.I., 61, 159.
Albert, Goldacre and Heymann (1943), J.G.S., 
651. .
Albert and Ritchie (1943), J.G.S., 454.
Albert and Gledhih, unpubhshed (action of 5- 
chloroacridine on ethylenediamine).
Albert, Goldacre and Heymann (1943), J.G.S., 
651.
Ditto.
Albert and Gledhih, unpubhshed (action of 
ethanolamine on 5-chloroacridine).
German Patent 5.53,072 as modified in the 
University of Sydney).
Sharp, Sutherland and Wilson (1943), J.G.S., 
344 (modified).
Bradbury and Linnell (1942), J.G.S., 377. 
Bradbury and Linnell (1942), Quart. J. Pharm., 
15, 31.
Bradbury and Linnell (1942), J.G.S., 377. 
Albert and Goldacre (1943), J.G.S., 454.
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T a b l e  I (continued).
Substance.
2-Amitio-7-carbomethoxyacridine ( methyl 
ester of above) 
2-Aminoacridiiie-7-siilphomc acid 
2-Aminoacridine-7-siilphonamide
2-Araino-5-p-aminophenylacridine 
(Phosphine)
Substituted Diaminoacridines.
2-Dimethylamino-7-aminoacridine
2 : 5-Diamino-7-ethoxyacridine (Rivanol)
2 : 8 -Diamino-1 : 9-dimethylacridine .
2 : 8-Diamino-3 : 7-dimethylacridine .
2 : 8-Diamino-4 : 6 -dimethylacridine .
2 : 8-Diamino-3 : 7-dichloroacridine
2 : 8-Diamino-3 : 7-dimethyl-5-phenyl- 
acridine (benzoflavine)
2 : 8 -6is-Dimethylaminoacridine (acridine 
orange)
2  : 8 : 2 ' : 8''-Tetra-amino-5 : 10-dihydro- 
diacridyl-5 : 5'-ether
Quaternary Acridines.
2 -ammo- 10-methylacridinium bromide
3-Amino- 10-methylacridinium bromide
4-Amino- 10-methylacridinium bromide
5-Amino- 10-methylacridinium bromide
5-Imino-lO-methylacridawe
3-Amino-5 : 10-dimethylacridinium 
/  bromide
2 : 8 -Diamino-10-methylacridinium
chloride (purified euflavine ; purified 
neutral acriflavine)
10-Methylacridinium chloride
10-Methylacridinium bromide
Substituted Acridines.
1-Methylacridine
3-Methylacridine
5-Methylacridine
1 : 3 4 : 6 : 7 : 9-Hexamethylacridine 
Q-Amino-3-methylacridine
Q-Amino-5-ethylacridine .
p-Amino-5-styrylacridine .
1-Methoxyacridine
3-Methoxyacridine 
2 : 8-Dimethoxyacridine
M. pt. 
280
(dec.)
253
(dec.)
270-3
242
226
170
325
294
(dec.)
307
(dec.)
181-2
260
(dec.)
236
(dec.)
267
305
(dec.)
134-6
259-60
(dec.)
177
(dec.)
(dec.)
90
133
117
217
(dec.)
145
242
134
105
138
Preparation.
Albert, unpublished (estérification of last 
named).
Aarons and Albert (1942), J.G.S., 183.
Ditto.
Dunstan and Hewitt (1906), J.G .S., 89, 483.
Albert, unpubhshed (as 2 : 7-diamino- 
acridine).
Albert and Gledhih (1942), J.S.G .I., 61, 159. 
Albert and Magrath, J.S .C .I., in the press. 
Ullmann (1901), Berichte, 34, 4308.
Albert, unpubhshed (as proflavine).
Albert (1939), J.G.S., 920.
Meyer and Gross (1899), Berichte, 32, 2360.
Biehi’inger (1896), J. prakt. Ghem., 54, 243.
Albert (1941), J.G.S., 121.
Albert and Ritchie (1943), J.G.S., 458. 
Ditto.
Albert, unpubhshed (as corresponding chloride : 
Sharp, Sutherland and Whson (1943), J.G.S., 
344).
Hah and Poweh (1934), Quart. J . Pharm., 7, 
522.
Kaufmann and Albertini (1909), Berichte, 42, 
1999.
Ditto.
Lehmstedt (1936), Berichte, 69, 2399.
Kahn (1894), Annalen, 279, 275.
Jensen and Rethwisch (1928), J. Amer. chem. 
Soc., 50,' 1144.
Senier and Compton (1907), J.G.S., 91, 1934.
Albert, unpubhshed ; ring-closure of Q- 
Amino - 4' - methyldiphenylamine - 2 - car- 
boxyhc acid (from the corresponding nitrile 
and Raney-nickel) with sulphuric acid, and 
reduction with sodium amalgam.
Jensen and Howland (1926), J. Amer, chem, 
Soc., 48, 1988.
Sharp, Sutherland and Whson (1943), J.G .S.,
5.
Jensen and Rethwisch (1928), J . Amer. chem. 
Soc., 50, 1144.
Lehmstedt (1936), Berichte, 69, 2399.
German Patent 392,066, to Casseha.
16a
T a b l e  I  (co n tin u ed ).
Substance. M. pt. °C. Preparation.
Acridine-1-carboxylic acid 190 . Albert and Gledhill, unpublished (reduction of 
corresponding acridone).
Acridine-S-carboxylic acid (dec.) Ditto.
Acridine-5-carboxylic acid (dec.) . Homberger and Jensen (1926), J. Amer. chem. 
Soc., 48, 800.
5-Carbomethoxyacridine ( methyl ester of . 128 Jensen and Rethwisch (1928), J. Amer. chem.
above) Soc., 50, 1145.
Acridine-3-suIphonic acid . . (dec.) . Matsumura (1935), •/. Amer. chem. Soc., 57, 
1533.
1 - Acetamidoacridine 117 . Clemo, Perkin and Robinson (1924), J.C .S ., 
1781.
2-Acetamidoacridine . 229 . Albert and Linnell (1936), J.C.S., 1614.
3-Acetamidoacridine . 230 . Lehmstedt (1938), Berichte, 71, 814.
4-Acetamidoacridine . 230 . Albert and Goldacre (1943), J.C.S., 454.
5-Acetamidoacridine . 266 . Ditto.
1-Hydroxyacridine . 116 . Jensen and Rethwisch (1928), J. Amer. chem.
Soc., 50, 1144.
2-Hydroxyacridine . . 285 . Albert and Ritchie (1943), J.C .S., 458.
3-Hydroxyacridine . . 279 . 
(dec.)
Ditto.
4-Hydroxyacridine . . 250 . 
(dec.)
5-Hydroxyacridine (acridone) . . 350 . Allen and McKee (1939), Organic Synth., 19, 6 .
3-Aminoacridane . . . . 184-5 . Albert and Ritchie (1943), J.G.S., 458.
J.C .S. =  J. chem. Soc. J.S .C .I. =  J. Soc. chem. Ind., Lond.
These substances, for purposes of biological testing, were dissolved in water with 
the aid of one to one-and-a-half equivalents of hydrochloric or acetic acid. The bio­
logical results in the Tables are recorded in terms of the actual base ; this procedure 
has eliminated errors due to varying amounts of water-of-crystallization and to acid 
radicals of varying molecular weight.
The percentage ionization has been calculated from the Mass Law Equation—
100
Percentage ionized =  i +  ^ntilog (pH-pK,)
Here, pKa stands for the negative logarithm of the “ acidic dissociation-constant,” 
and is numerically equal to the pH value a t which the base is 50 per cent ionized. 
The pKa values were obtained by potentiometric titration with the glass electrode 
(Albert and Goldacre, 1943, and unpublished). Appropriate corrections (e.g. for 
hydrolysis) were applied where necessary, and wherever possible the titrations were 
carried out in water. When the solubility was not great enough in this solvent the 
titrations were effected in 50 per cent ethanol or in 67 per cent methanol. In  such 
cases an addition of 0 5 unit has been made to the pKa values as a solvent correction. 
This addition was derived from the work of Mizutani (1925) and from our own experi­
ence, and it is believed th a t this approximation introduces less error than the attem pted 
titration of the less soluble bases in water, as reported by Albert, Rubbo and Goldacre 
(1941).
Bacteriological.
The same general technique in performing bacteriostatic tests has been followed in 
this work as in our previous investigation (Rubbo, Albert and Maxwell, 1942).
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Medium.
This was prepared by Wright’s method, using fat-ffee minced bullock’s heart and 
peptone of Parke-Davis & Co. The broth was autoclaved for 20 minutes at 15 lb. 
pressure at pH 8-4-S-8, then filtered, the pH adjusted to 7-4 and re-autoclaved. Ten 
per cent sterile unheated ox serum was added aseptically and the pH re-determined. 
The final pH lay between 7'2-7*4 as determined by the glass electrode. This medium 
was distributed for a bacteriostatic test into sterile 6 oz. bottles in 25 ml. quantities 
(measured by pipette) and incubated before use for 24 hours at 37° C. in order to test 
for sterility.
Organisms.
The organisms used in this work were similar to the strains which were used in 
Part I and have shown no significant change in their resistance to 5-aminoacridine. 
However, in view of the tendency nowadays to explain differences in results from 
various laboratories in terms of strain variation, exhaustive experiments comparing 
the sensitivity of more recently isolated species with those labelled “ stock strains ” 
were performed. For this puprose ten strains of each type-species from widely differ­
ing sources were examined.
T a b l e  II.— The Variation in Susceptibility of Recently Isolated Species. Highest 
Dilutions Completely Preventing Visible Growth m 48 Hours at 37° C.
Medium : 10 per cent serum broth, pH 7*2-7-4.
Number of Number of strains inhibited by 5-aminonacridine
strains Species. at a dilution of 1 in-
examined. 20,000. 40,000. 80,000. 160,000. 320,000. 640,000.
10 Clostridium welchii . 10 . 10 . 9 . 8 . 1 . 0
Stock strain — — — + — —
10 Streptococcus pyogenes A  . 10 . 10 . 8 . 2 . 0 . 0
Stock strain — — — “h — —
10 Staphylococcus aureus 10 . 7 . 0 . 0 . 0 . 0
Stock strain — “h • • — — — —
10 Bacterium coli 10 . 9 . 1 . 0 . 0 . 0
Stock strain — + — — — —
10 Proteus (species not iden­
tified)
10 . 10 . 0 . 0 . 0 . 0
Stock strain — + — — — —
-f  indicates inhibitory dilution for stock strain.
It will be noted. Table II, that the inhibition of growth by a typical derivative, 
5-aminoacridine, is fairly constant for Clostridium welchii and Streptococcus pyogenes, 
and remarkably constant for strains of Staphylococcus aureus, Bacterium coli and 
Proteus.
Inoculum.
. The size of inoculum used in bacteriostatic tests is subject to wide variation, 
and the choice of small inocula (e.g. 1000-2000 organisms) is im portant with some 
drugs (sulphonamides), but unim portant in the case of the aminoacridines. Experience 
in this study has shown th a t wide variations in number of organisms inoculated per
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tube, namely, from 50 up to 5 million organisms, do not affect the bacteriostatic 
end-point after 48 hours’ incubation (Table III).
T a b l e  I I I .—The Effect of Size of Inoculum on the Bacteriostatic End-point.
Organism : Staphylococcus aureus.
Medium : 10 per cent serum broth, pH 7'2-7*4.
Number of organisms Time of incubation Dilutions of 5-aminoacridine.
mocmateci per ruoe ^uasea 
on plate counts). in hours. 3. 4. 5. 6.
4  5  X  10? 2 4 d= ± + +
4 8 +  4 - + +
4 -5  X  10« 2 4 —  — + +
4 8 — — + 4 -
4*5 X  10^ 2 4 — — + 4"
4 8 —  — + - f
4  5 X  10* 2 4 —  — + 4 -
4 8 —  — + +
4  5 X  103 2 4 —  — — -b
4 8 — — + 4 -
4  5 X  102 2 4 — — — +
4 8 —  — 4"
4  5  X  101 2 4 — — — 4 -
4 8 —  — + +
4 2 4 — — — 4 -
4 8 —  — ib +
— Signifies no growth ; ±  signifies slight growth ; -f  signifies growth.
In  order to obtain results of potential clinical significance care has been taken to 
favour the growth of the organism by adhering to the use of a “ heavy ” inoculum 
throughout this work (Garrod, 1935). This was standardized as 0 03 ml. (delivered 
as one drop from a Pasteur pipette) of a 24-hour culture to 2 5 ml. of medium, and 
contained a million or more organisms.
Method.
Geometrical dilutions of each derivative were made in 25 ml. quantities of serum 
broth commencing a t 1 in 5000 concentration. The range covered was such th a t the 
two highest dilutions showed organismal growth. That dilution completely preventing 
visible growth after 48 hours' incubation at 37° C. was taken as the end-point of bacterio­
stasis, and to this dilution a code number was assigned according to the following key :
Key to Dilutions to be Used for Tables I I I ,  IV , V, V I, V II , I X  and X .
0 signifies growth at 1 in 5000 of base.
1 signifies inhibition of growth at 1 in 5,000.
2
3
4
5
6
7
8 
9
10
10,000 . 
20,000.
40.000.
80.000. 
160,000.
320.000.
640.000.
1.280.000. 
2,560,000.
All tests have been done in duplicate and, with im portant compounds, repeated 
again in duplicate.
1 6 6
Interpretation of results.
The “ bacteriostatic index ” or B.I. of a substance refers to the sum of the code 
numbers of the inhibitory dilutions for each organism. A difference of 5 units in the 
bacteriostatic index represents on the average a twofold change in concentration 
necessary to effect bacteriostasis. An increase of 5 units is considered to be suggestive 
of heightened antibacterial action, whereas a figure greater than 5 units is quite signifi­
cant. We have come to regard B.I. value of less than 10 as indicative of poor an ti­
bacterial action, a B.I. of 15 suggesting moderate activity, whilst a derivative with a  
well distributed B.I. above 20 is considered to have marked activity. These arbitrary 
figures have been based on the bacteriostatic indices of aminoacridines of proven 
clinical usefulness, viz. profiavine, eufiavine (acrifiavine), 2 : 7-diaminoacridine, 5- 
aminoacridine and “ Rivanol.” I t  is not implied, however, th a t a drug, to be of 
therapeutic significance, must possess a B.I. greater than  20, for there are many other 
factors to be considered before making this decision, particularly histo-pathological 
data. In  regard to comparison of scores for individual organisms, a difference of 
2 units, equal to a fourfold difference in concentration, is considered significant. 
However, compounds th a t score 2 or less for an organism cannot be accurately com­
pared, since slight precipitation occurs in some cases a t these high concentrations 
(i.e. 1 in 10,000). We have not recorded where such precipitation occurs in this 
series, since the general conclusions are unaffected by this factor.
Classification of material.
For convenience in presenting the bacteriological data pertaining to the many 
derivatives of acridine, the material has been classified in Tables IV -V II into four 
categories based mainly on the degree of ionization (or basicity) of each acridine 
compound. (It is appropriate to point out here th a t highly basic acridines are almost 
completely ionized in solution to give kations.)
RESULTS.
Highly Ionized Acridine Compounds.
The compounds falling within this group have a basic strength equal to or greater 
than 7-8 (expressed in pKa units) which, in terms of ionization, is equivalent to 75 
per cent or more of the base in the kationic form a t pH  7-3 a t a temperature of 20° C. 
This corresponds to 60 per cent ionization a t 37° C. (Hall and Sprinkle, 1932). OA 
the 50 compounds set out in Table IV, it will be noted th a t all except Nos. 23, 24 and 
50 have a B.I. equal to or greater than 15, and hence may be regarded as active drugs. 
I t  will also be noted th a t although the pKa values vary quite considerably "(from 7 5 
to 12-0), this variation is not associated with proportionate variations in antibacterial 
action, showing th a t once sufficient ionization has been achieved, further increases in 
pKa value do not infiuence the activity (Fig. 3).
W ithin this series of adequately ionized derivatives some significant variations in 
antibacterial activity are to be seen, and it appears th a t factors, other than ionization, 
m ust be concerned in contributing towards antibacterial action. Nevertheless, these 
factors are of secondary importance, and manifest themselves only when the prime 
factor, ionization, is accomplished. The significance of substituent groups in this 
connection will be discussed shortly.
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Ta b l e  IV .— Compounds Sufficiently Ionized to Possess Marked Antibacterial Activity. 
Highest Dilutions Completely Preventing Visible Growth in  48 Hours at 37° C.
Medium : 10 per cent serum broth, pH 7*2-7*4.
Organisms.
Number. Substance.
M. onoaminoacridines.
Bacteriostatic 
index (sum 
total of code 
numbers o f  
inliibitory 
dilutions).
%
Substituted 5-Aminoacridines.
8 . 5-Amino-l-methylacridme
9 . 5-Amino-2-methylacridine
10 . 5-Amino-3-methylacridine
11 . 5-Amino-4 methylacridine
12 . 5-Amino-1 : 3-dimethylacridine
13 . 5-Amino-l ; 9-dimethylacridine
13a . 5-Amino-l-ethylacridine
14 . 5-Amino-l-methoxyacridine
15 .. 5-Amino-2-methoxyacridine
16 . 5-Amino-3-methoxyacridine
17 . 5-Amino-4-methoxyacridine
18 . 5-Amino-l-chloroacridine
19 . 5-Amino-2-chlofoacridine
20 . 5-Amino- 3 -chloroacridine
21 . 5-Ainino-4-chloroacridine
22 . 5-Amino-1-hydroxyacridine
23 . 5-Amino-2-hydroxy acridine
24 . 5-Amino-3-hydroxyacridine
25 . [5-Amino-4-hydroxyacridine]*
26 . 5-Amino-l-nitroacridine
27 . 5-Amino-2-nitroacridine
28 . 5-Amino-3-nitroacridine
29 . o-Amino-4-nitroacridine
30 . 5-Amino-1-phenylacridine
31 . 5-Amino-3-phenylacridine
32 . 5-Amino-3-cyanoacridine
33 . 5-Amino-2-nitro-7-ethoxyacridine
34 . 5-Amino-2-chloro-7-methoxyacridine
5-Amino-lO-methylacridmium hydroxide 
(as chloride)
35 . Ditto (as bromide) . . . .
Ditto (as anhydro-base ; 5-imino-lO- 
methylacridane)
36 . 5-Methylaminoacridine . .
37 . 5-(P-Hydroxyethyl)-aminoacridine .
38 . 5-Amino-3-carbomethoxyacridine .
39 . 5-Aminoacridine-3-carboxamide
pKa in 
water 
at 
20° C.
Per cent, 
ionized 
(kation) 
at 20° C., 
pH 7 3.
1 . 2-Aminoacridine . . . . . 6 5 3 4 3 . 21 8- 2 . 88
2 . 5-Aminoacridine . . . .  
Diaminoacridines.
. 7 6 4 4 4 . 25 . 9 9 100
3 . 2 : 5-Diaminoacridine . 7 6 2 2 0 . 17 . 11-4 100
4 . . 3 : 5-Diaminoacridine . 7 6 2 2 1 . 18 . 10-5 • 100
5 . 2 : 6-Diaminoacridine . 7 7 4 4 4 . 26 . 9 2 99
6 . 2 : 7-Diaminoacridine {'''acramine red ” ) . 7 6 4 5 4 . 26 . 8 2 88
7 . 2 : 8-Diaminoacridine (proflavine) . . 7 6 4 3 2 . 22 . 10 0 100
7 7 5 4 4 . 27 . 10 2 . 100
6 6 4 3 2 . 21 . 10 2 . 100
7 6 4 4 2 . 23 . 10 0 . 100
6 6 4 4 4 . 24 . 10 0 . 100
8 7 5 3 1 . 24 . 10 5 . 100
8 7 5 4 3 . 27 . 9 3 . 99
7 6 4 3 2 . 22 . 10-2 . 100
7 6 4 3 2 . 22 . 9 9 . 100
7 .6 5 4 3 . 25 . 10-1 . 100
7 7 5 4 2 . 25 . 9-6 . 100
7 6 4 3 2 . 22 . 10-2 . 100
6 5 4 3 2 . 20 . 8-3 . 91
7 6 5 5 3* . 26 . 9-0 . 98
7 6 5 4 4 . 26 . 8-8 . 97
6 6 4 4 2 . 22 . 8-4 . 93
5 5 3 3 3 . . 19 . 8-3 . 91
2 4 0 0 0 . 6 . 7-7 . 71
4 6 • 2 0 0 . 12 . 9-1 . 98
3 3 1 0 0 . [7]* . [6.-5]* [ I l f
6 7 4 4 3 . 24 . 7-8 . 76
6 10 6 5 3 . • 30 7-8 . 76
7 6 5 4 2 . 24 .' 7-9 . 80
7 8 6 4 2 . 27 7-5 . 61
5 5 3 2 0 . 15 . 9-2 . 98
8 7 6 3 0 . 24 . 9-7 . 100
7 5 4 4 3 . 23 . 8-0 . 83
7 8 4 0 0 . 19 . 7-5 . 60
8 6 5 2 0 . 21 . 8-6 . 95
6 6 4 4 3 . 23 . 10-6 . 100
7 6 4 4 3 . 24 . 10-6 . 100
7 7 5 5 4 . 28 . 10-6 . 100
7 6 4 2 3 . 22 . 10-1 . Too
5 5 2 2 1 . 15 . 9-3 . 99
7 6 5 2 0 , 20 . 8-5 . 94
3 5 2 3 2 . 15 . 8-7 . 96
168
T a b l e  IV  {co n tin u ed ) .
Organisms,
Number. Substance.
Substituted Diaminoaci'idines.
40 . 2 : 8-Diamino-l : 9-dimethylacridine
41 . 2 ; 8-Diamino-3 : 7-dimethylacridine
(acridine yellow)
42 . 2 : 8-Diamino-4 : 6-dimethylacridine
43 . 2 : 8-Diamino-3 : 7-dichloroacridine
44 2 : 8-Diamino-10-methylacridinium hy­
droxide (as chloride) (purified eu­
fiavine)
45 2 : 8-6Z5-dimethylaminoacridine
(acridine orange)
46 . 2 : 5-Diamino-7-ethoxyacridine
{"Rwanol ” )
47 . 2-Dimethylamino-7-aminoacridine .
9 8 
8 6
8 6 
7 8
5 6
6 7
6 5
I
6 4
4 3
4 2
4 3
3 1
Bacteriostatic 
index (sum 
total of code 
numbers of 
inhibitory 
dilutions).
30
21
22
23
22
17
20
15
pKft in 
water 
at 
20° C.
9 0 
10 3
10 4 
8-2 
12
10-8
11-5
8-5
Per cent, 
ionized 
(kation) 
at 20° C., 
pH 7-3.
98
100
100
88
100
100
100
94
48
49
50
51
Miscellaneous Acridines.
2-Amino- 10-methy 1-acridinium hydroxide 6 7 1 5 0 .
(as bromide)
3-Amino-5 : 10-dimethylacridinium . 5  5 3 2 0 .
hydroxide (as bromide)
Q-Amino-3-methylacridine . . . 3  2 0 0 0 .
Q-Ammo-5-ethylacridine . . . 6  6 2 3 2 .
* Included here for comparison with other isomerides.
19
15
5
19
12
10
9-2
9-1
100
100
98
98
From the purely bacteriological point of view a strildng feature in' this and all other 
Tables is that the order , of species sensitivity is almost invariable. It can be con­
cluded that C lo s tr id iu m  w e lc h ii is the most sensitive organism of our series, followed by 
S trep to co ccu s  p y o g e n e s , S ta p h y lo c o c c u s  a u re u s , B a c te r iu m  co li and P r o te u s  in order of 
increasing resistance. In regard to C lo s tr id iu m  w e lc h ii it is worth mentioning that 
some poorly ionized acridine derivatives (Table V) have a decided action on this 
organism. This greater sensitivity may be due partly to lack of shunt respiratory 
enzyme systems, since it is known that oxidation by cytochrome-lacking bacteria 
(strict anaerobes) proceeds through more restricted channels (flavine nucleotides) than 
oxidations by cytochrome-containing bacteria (facultative anaerobes).
P o o r ly  I o n iz e d  A c r id in e  C o m p o u n d s .
It will be seen that none of the 33 compounds (Table V, Nos. 52 to 84) possess 
marked antibacterial properties, and only three (Nos. 65, 77 and 78) possess even 
moderate activity. These findings, taken in conjunction with the pKa values, all of 
which are below 7-8, lead to the conclusion that lack of significant activity is directly 
related to lack of sufficient ionization at pH 7-3.
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T a b l e  V.— Compounds Insufficiently Ionized to Possess Marked Antibacterial Activity, 
Highest Dilutions Completely Preventing Visible Growth in  48 Hours at 37° C.
Medium : 10 per cent serum broth, pH 7-2-7-4.
Number. Substance.
Organisms.
Bacteriostatic 
index (sum 
total of code 
numbers of 
inhibitory 
dilutions).
pKa in 
water 
at 
20° C.
Percentage 
ionized 
(kation) 
at 20° 0., 
pH 7 3.
52 Acridine . . . . .  
Substituted acridines.
. 3 1 1 0 1 . 6 . 4- 8 . 0 3
53 1-Methylacridine . . 2 0 0 0 0 . 2 . 4*5 . 0-2
54 3-Methylacridine . . 0 0 0 0 0 . 0 . 5 1 0-6
55 5-Methylacridine . . 3 0 0 0 0 . 3 . 5 2 . 0-7
56 1 : 3 : 4 : 6 : 7 : 9-Hexamethylacridine . 0 0 0 0 0 . 0 . 3 5 . < 0 -0 1
57 1-Methoxy acridine . . 3 0 0 0 0 . 3 . 4-7 . 0-3
58 3-Methoxyacridine . . 3 2 1 0 0 . 6 . 4 8 . 0-3
59 2 : 8-Dimethoxyacridi ae • . 5 4 0 0 0 . 9 . 6 2 7-4
60 1 - Acetamidoacridine , . 2 1 0 0 0 . 3 . 3 0 . < 0 -0 1
61 2 - Acetamidoacridine . 2 2 0 0 0 . 4 . 5 6 . 2-0
62 3-Acetamidoacridine . 4 2 1 1 1 . 9 .  4 7 . 0-3
63 4-Acetamidoacridine . 0 0 0 0 0 . 0 4 4 . 0-1
64 5-Acetamidoacridine . 0 0 0 0 0 . 0 . 4 3 . 0-1
65 1-Hydroxyacridine . . . 5 4 3 0 0 . 12 .  4-7 0-3
66 2-Hydroxyacridine • . 3 2 1 0 0 . 6 . 5 4 .  1-2
67 3-Hydroxyacridine . . 0 0 0 0 0 . 0 . 4-7 . 0-3
68 4-Hydroxyacridine . . 0 0 0 0 0 . 0 . 5-0 0-5
69 5-Hydroxyacridine (acridone) . 0 0 0 0 0 . 0 .  < 2 .  < 0 -0 1
M  onoaminoacridines.
70 . 1-Aminoacridine . 2 1 1 0 0 . 4 . 4-2 . 0-1
71 . 3-Aminoacridine . 5 2 1 0 0 . 8 . 5-8 . 3-0
72 . 3 -Aminoacridane . 2 2 1 0 0 . 5 -. 5-2 . 0-7
73 . 4-Aminoacridine . 
Substituted Aminoacridines.
5 2 1 1 0 . 9 . 6-2 . 7-4
74 . 3-Amino-5-methylacridine 5 3 2 0 Q . 10 . 6-1 . 6-0
75 . 3-Amino-8-chloroacridme 0 0 0 0 0 . 0 . 4-5 . 0-2
76 . 2-Amino-5-chloroacridine 1 0 0 0 0 . 1 . 6-5 . 13
77 . 2-Amino-7-chloroacridine 5 4 3 1 0 . 13 . 7-0 . 33
78 . 2-Amino-8-chloroacridine 
Diaminoacridines. '
4 4 3 2 0 . 13 . 7-3 . 50
79 . 2 : 9-Diaminoacridine 4 3 0 2 0 . 9 . 7-2 . 44
79a . 1 : 9-Diaminoacridine 0 0 0 0 0 . 0 . 4-3 . 0-1
80 . 3 : 7-Diaminoacridine 
Miscellaneous Acridines.
5 3 1 0 0 . 9 . 6-2 . 7-4
81 . 10-Methylacridinium hydroxide 
bromide
(as 0 0 0 0 0 . 0 . (unstable) 9
82 . 3-Amino- 10-Methylacridinium hydroxide 
(as bromide)
1 2 0 0 0 . 3 ?
83 . 4-Amino- 10-Methylacrinidium hydroxide 
(as bromide)
3 3 2 0 0 . 8 9
84 . p-Amino-5-styrylacridine • • 0 0 0 0 0 . 0 . 5-6 . 2-0
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Correlation of Ionization with Antibacterial Activity.
The connection between ionization and activity is well illustrated when we analyse 
the effect of substituents attached to the acridine nucleus. I t  will be seen th a t sub­
stituents influence antibacterial activity in the general direction predictable by changes 
in ionization of the new derivative.
Amino-derivatives.
The mono-aminoacridines (Nos. 1, 2, 70, 71 and 73) have been previously described, 
and it has been shown th a t the insertion of an amino group into the 2- or 5-position 
induces a considerable increase in ionization, and a corresponding increase in anti­
bacterial activity (Rubbo, Albert and Maxwell, 1942). The insertion of an amino 
group in the 1-, 3- or 4-position has little influence on ionization, and for this reason 
the activity of these derivatives is of the same order as th a t of acridine itself (No. 52). 
In  the same way, it now transpires th a t the activity of the diaminoacridines depends 
not so much on the position of the amino groups {cf. Albert, Francis, Garrod and Linnell, 
1938) as on the ionization th a t they engender. For example, the well ionized di­
aminoacridines (Nos. 3-7) are highly active, whilst the poorly ionized diaminoacridines 
(Nos. 79a, 79 and 80) have only poor activity in spite of the fact th a t one of them 
(2 : 9-diaminoacridine) possesses an amino group in the 2-position.
Chloro-derivatives.
The insertion of chlorine, which always depresses the pKa value by approximately 
one unit, will, or will not, depress activity, depending entirely upon the final pKa of 
the new derivative. This is well shown in the chloroderivatives of 2- and 5- amino­
acridines, the former being relatively inactive when compared with 2-aminoacridine 
(c/. No. 1 with Nos. 76-78), whilst the latter are quite active when compared with 
5-aminoacridine {cf. No. 2 with Nos. 18-21). In  the former instance, the pKa of
2-aminoacridine, which is near the critical value of 7-8, could not withstand further 
reduction of 1 unit and still retain adequate ionization, whereas after a depression of 
1 unit in the pKa of 5-aminoacridine, a fully ionized derivative still remains. Berry 
(1941) examined three chloroaminoacridines common to the present series, and whilst 
there is good general agreement between the two sets of results, he found 2-amino-8- 
chloroacridine far less active than we did. Whilst we are a t a loss to explain this 
difference, our results are consistent with the general principles of ionization.
Nitro-derivatives.
The nitr o - sub stituf ed derivatives of 5-aminoacridine (Table IV, Nos. 26-29 and 
33) are of extreme interest, since the nitro group is a base-weakening group and, in 
spite of the poor ionization th a t it sometimes engenders, the amines which have been 
substituted in this way have actually become more active. This exaltation is most 
pronounced when the nitro-group occupies the 2-position, and is so significant th a t 
the 5-amino-2-nitroacridines rank amongst the most active acridines.
A number of antibacterial nitro-compounds are known, the simplest of them being 
p-nitrobenzo c acid, and it m ust be conceded th a t nitro compounds form a distinct 
class of antiseptics which function, in the first place, through an oxidizing action. The 
reduction of nitro-compounds in neutral media, which takes place very readily, usually 
leads to h y dr oxy lamino derivatives, which in the present instance would restore the 
basicity to a t least the required figure of 7-8. In  addition, hydroxylamino compounds-
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have antibacterial properties of their own. Green and Bielschowsky (1942) investi­
gated the antibacterial action of -nitrobenzene sulphonamide and found it was 
probably reduced to p-hydroxylaminobenzene sulphonamide, but not to p-amino- 
benzene sulphonamide.
In expectation th a t a change in the intensity and colour of fluorescence would 
accompany the interaction of bacteria with these nitroaminoacridines, indicating 
reduction to hydroxylamino derivatives, the following experiments were performed ;
Serial dilutions of 2 : 5-diaminoacridine, 3 : 5-diaminoacridine, 2-nitro-5-amino- 
acridine and 3-nitro-5-aminoacridine were made in 10 per cent, serum broth covering 
a range from 1 in 20,000 to 1 in 640,000, and half the tubes were inoculated with 
Clostridium welchii, Staphylococcus aureus and Bacterium coli. The two sets of tubes 
were incubated for 48 hours a t 37° C. and then examined for any change in fluorescence 
or colour intensity, using a Hanovia ultra-violet lamp fitted with a Woods glass filter. 
In  one case, namely, in the higher dilutions of 2-nitro-5-aminoacridine in which Bac­
terium coli grew, the fluorescence changed from a moderately bluish one to a dazzling 
golden-yellow colour similar to th a t of 2 : 5-diaminoacridine. As no other examples 
of this change were observed it could not be concluded th a t nitro-compounds are 
necessarily reduced to the corresponding amine or hydroxylamino, hence the source 
of their great activity is not yet demonstrated.
Methyl derivatives.
The introduction of methyl groups into highly ionized acridines, particularly in the
1-position, somewhat enhances the antibacterial action. This effect is seen by com­
paring proflavine (No. 7) and 1 : 9-dimethyl-proflavine (No. 40), whose respective B .I.’s 
are 22 and 30. I t  is believed th a t specific absorption on bacterial enzymes has been 
heightened by the insertion of a methyl group contiguous to the ring-nitrogen, as 
in the above example.
Hydroxy derivatives.
Of the five isomeric mono-hydroxyacridines (Table V, Nos. 65-69) compared for 
the first time, it will be seen th a t all are poorly ionized and th a t only the 1-isomeride 
has any noteworthy activity. We are inclined to attribute this to a chelating action 
between the hydroxy group and the ring nitrogen whereby divalent metals essential 
in cellular metabolism could be immobilized. Zentmeyer (1944) has shown th a t this 
phenomenon underlies the activity of the analogously constituted 8-hydroxyquinoline.
The hydroxy derivatives of 5-aminoacridine ’(Nos. 22-25) show an activity some­
what less than would be predicted from their pKa values. For instance, the 2- and
3-derivatives (Nos. 23 and 24) are ionized to the extent of 71 and 98 per cent respec­
tively, and yet their B.I. values are only 6 and 12. This may be due to adsorption 
elsewhere than on the vital acidic groups normally combining with aminoacridines, 
and the strong hydrogen-bonding effects of —OH groups makes this a likely explanation. 
Once again, the 1 -hydroxy-isomeride achieves the highest score. In  5-((3-hydroxy- 
ethyl)aminoacridine (No. 37) a further example of partial deactivation by a hydroxy 
group is seen.
Miscellaneous derivatives.
In  the m ajority of instances the introduction of methyl, phenyl, methoxy and 
ethoxy groups has only a slight effect on the ionization and hence does not Affect an ti­
bacterial action (viz. Table IV, Nos. 8-17, 30, 31, 33, 34 and 46). Finally we come to 
consider those acridine compounds grouped in Table V, which do not possess amino
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substituents. In  all cases the pK^ is of much the same order as acridine itself, and 
hence ionization and antibacterial activity are very low.
Correlation of Ionization with Molecular Structure.
Since the findings described in Tables IV and V suggest a positive connection 
between ionization and antibacterial activity, it will be convenient a t this stage to 
describe methods by which acridine, which is poorly ionized, may be endowed with a 
basicity sufficiently high to effect adequate ionization of the new derivative a t pH 7-3.
There are three methods by which the pK.^ value of acridine may be exalted to the 
required value of pKa 7-8 or more. They are : (1) By the insertion of one or more 
amino groups in the 2- or 5-position ; (2) by insulation of an amino group from the 
base-weakening effect of the nucleus. This gives, in effect, a basic side-chain ; (3) 
by quaternization of the ring nitrogen.
As regards method 1, the insertion of an amino group in the 2- or 5-position leads 
to a very considerable increase in basicity of the new amino derivative, when compared 
with acridine or with the 1-, 3- or 4-aminoacridines. This increase in basicity is due 
to extra resonance in the ion, which, by virtue of the geometry of the molecule, can 
occur only when the amino group is in the 2- or 5-position (Albert and Goldacre, 1943). 
I t  must be appreciated th a t a distinction is drawn between resonance, which acridine 
possesses, and extra-ionic resonance, which it does not (Branch and Calvin, 1941).
As already noted, the 2- and 5-aminoacridines (Table IV, Nos. 1 and 2) and their 
derivatives (Table IV) have marked bacteriostatic capacities, and our main problem 
a t the moment is to decide to what extent ionization or ionic resonance or a combina­
tion of both contribute towards activity. This point is peculiarly difficult to resolve 
chemically because those aminoacridines which are highly basic, and hence highly 
ionized, usually have ionic resonance, whereas those which are weakly ionized are 
usually without ionic resonance.
Relative Importance of Ionization and Ionic Resonance.
Whilst all derivatives of 2- and of 5-aminoacridines possess ionic resonance, for­
tunately not all are fully ionized as kations, and it is with these derivatives th a t the 
opportunity for assessing the importance of ionic resonance per se presents itself.
The chloro-derivatives of 2-aminoacridine, whose relative inactivity has been dis­
cussed, may again be quoted here as examples of acridines possessing ionic resonance 
but lacking in adequate ionization.
The insertion of acidic groups info the nuclei of 2- and 5-aminoacridines produces 
derivatives whose kationic ionization has been replaced by zwitterionic ionization due 
to internal salt formation. This manoeuvre makes it possible to demonstrate th a t 
kationic ionization, distinct from ionic resonance, is essential for antibacterial action 
in the acridine series.
For example, 2-aminoacridine-7-sulphonic acid (Table VI, No. 90) has an absorp­
tion spectrum practically identical with th a t of 2-aminoacridine (Goldacre, unpublished) 
and thus has the same ionic resonance, bu t 65 per cent is in the zwitterionic form and 
35 per cent, in anionic form. This substance is completely devoid of antibacterial 
action (B.I. =  1). On the other hand, the acidic ionization of this compound may be 
eliminated by forming the amide (Table VI, No. 91) which, by virtue of its 44 per cent 
ionization as a base, now possesses an antibacterial activity (B.I. =  8) predictable in 
terms of kationic ionization. This compound is of interest, for it throws some light 
on the difficulty of trying to combine two antibacterial actions (sulphonamide and 
aminoacridine) in the one molecule, when these actions depend on entirely different
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mechanisms, one acting as an anionic drug, the other as a kationic. The — COOH, 
— COOCHg and — CONHo derivatives of 5-aminoacridine (Nos. 94, 38 and 39) 
are of extraordinary interest in th a t we have :
5-aminoacridine : normal kationic ionization . . . active (No. 2).
— COOH derivative : complete internal neutralization . inactive (No. 94).
— COOCHg derivative : normal kationic ionization . . active (No. 38).
— CONHg derivative : normal kationic ionization . . active (No. 39).
As all these derivatives possess ionic resonance structures, it becomes obvious th a t 
ionic resonance without sufficient kationic ionization is of no value in determining 
antibacterial action. Furthermore these facts demonstrate th a t activity is dependent 
entirely on kationic (as opposed to zwitterionic or anionic) ionization.
Quite a different way of producing well ionized acridine compounds without intro­
ducing ionic resonance is exemplified by Ü-amino-3-methylacridine and O-amino-5- 
ethylacridine (Table IV, Nos. 50 and 51), which were prepared along the lines of method 
2 above, namely, by insertion of a basic side chain. In  this case the amino group is 
not directly attached to the nucleus, so th a t the free bases are almost as strong as the 
aliphatic amines, methylamine and ethylamine, from which they are derived. Chemi­
cally these compounds have adequate ionization (pKa 9-0), but are lacking in ionic 
resonance. The figures obtained for Q-amino-5-ethylacridine (No. 51) demonstrate 
th a t a fairly high antibacterial activity can be obtained in the absence of ionic resonance 
provided th a t ionization is sufficient.
The other example, II-amino-3-methylacridine (No. 50), like other U-aminomethyl 
compounds of the Mannich-base type, is chemically somewhat unstable. However, it 
was not entirely decomposed under the conditions of the tests, so th a t this may not 
be the sole explanation of its low score. These omega compounds, although difficult 
of access, would repay further study.
A third possibility remained of introducing adequate ionization into acridines 
w ithout invoking either ionic resonance or a basic side-chain. This can be accomplished 
in selected cases by quaternization of the ring nitrogen (method 3 above).
In  attem pting to evolve a suitable example we were confronted with a problem 
th a t has been quite insufficiently discussed in chemical literature, namely, the variable, 
but often considerable instability of the quaternary compounds of heterocyclic bases. 
Our experience was th a t when 3- and 4-amino-10-methylacridinium bromides were 
shaken in phosphate buffer with air in a W arburg apparatus, oxygen was readily taken 
up and the corresponding acridones, which are quite unionized and biologically inactive, 
were obtained (see Albert and Ritchie, 1943). 10-methylacridinium bromide is known 
to behave similarly (Sidgwick, 1937).
Because of the instability of these substances which, in their intact state, are highly 
ionized structures lacking ionic resonance, it was difficult to decide whether their 
biological inactivity was due to the absence of ionic resonance or to dehydrogenation 
to the non-basic acridones. Their activities have been examined (Nos. 81, 82, 83), 
and it will be noted th a t none possesses strong antibacterial properties (B.I. values 
from 0 to 8).
However, this difficulty was overcome by stabilizing the quaternary compound by 
inserting a methyl group in the 5-position of 3-amino-10-methylacridinium bromide 
(Table IV, No. 49). This compound, which is incapable of oxidation to an acridone 
and did not absorb oxygen in the Warburg apparatus, showed significant activity 
(B.I. =  15) when compared with other quaternary compounds, but was not as active 
as one would expect if ionization were the sole determining factor. I t  is, therefore, 
unwise in the present state of our knowledge to disregard the coupling of ionic resonance
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and ionization with antiseptic activity of the aminoacridines ; the possibility th a t 
both may play a direct, if interdependent, role in antibacterial activity is a real one. 
A number of similar compounds were prepared by Sharp, Sutherland and Wilson 
(1943) and have been reported on by Browning and Calver (1943), whose results 
confirm the above conclusions.
In  the course of this study a few substances have been found which possess both of 
the physico-chemical attributes th a t we have been discussing but which, nevertheless, 
fail to reach a significant bacteriostatic index. These exceptions, which are both 
interesting and instructive, will be discussed a t once as they throw further light on the 
relationship between structure and action in this series.
Relative Importance of the ''Dimensional Factor.”
We use the term dimensional factor ” to describe the suppression of antibacterial 
activity of a derivative (when compared with the parent molecule), by an apparent 
structural interference with the union of drug and the bacterial enzymes. Allés (1944) 
coined the term to describe similar effects in cholinergic drugs. As will be seen in the 
several examples shown in Table V II, the most obvious molecular changes have been 
either to increase the molecular dimension beyond a limiting value for the direction 
investigated or to destroy the planarity 'of the original molecule. These alterations 
are invariably associated with a significant loss of activity which, with the evidence 
available, can most reasonably be attributed to such a limiting dimensional factor. 
This, in turn, throws some light on the dimensions of the enzyme surface itself.
One of the most interesting examples of the dystherapeutic effects of the dimensional 
factor is seen in 5-amino-6 : 7 : 8 : 9-tetrahydroacridine (No. 101) (see also Fig. 1), 
which has the necessary ionization and ionic resonance associated with marked 
activity, but is completely devoid of antibacterial action (B.I. =  2). Although this 
compound differs from 5-aminoacridine (B.I. =  25) by only four hydrogen atoms, this 
seemingly small change in the chemical formula (see Fig. 1) has led to a considerable 
change in the steric picture. A completely conjugated molecule like 5-aminoacridine 
is virtually a two-dimensional structure in th a t all the atoms lie in the plane of the paper 
upon which the formula is drawn, whereas hydrogenation of one ring has the effect 
of buckling th a t ring. The result has been th a t perfect apposition with the adsorbing 
portion of the enzyme is hindered and consequently bacteriostasis is not realized (see 
“ Discussion ”).
In  brief, the fiat portion of the molecule of 5-amino-tetrahydroacridine has been 
reduced to the area of 4-aminoquinoline (see Fig. 1), which is also bacteriologically 
inactive.
An almost equally dystherapeutic effect may be obtained by doubling the size of 
the molecule as in N : N'-6ïs(5-acridyl)ethylenediamine (Table VII, No. 106), where 
two molecules of 5-methylaminoacridine (Table IV, No. 36) have been joined together 
by their methyl groups (see Fig. 1), thus reducing the B.I. from 22 to 9. Similarly 
with No. 105 (Table VII), where a molecule of profiavine has been coupled to one of 
dihydroprofiavine by a simple ether linliage, thus reducing the B.I. from 22 to 6. 
Naturally, smaller additions to the molecule have smaller effects ; the addition of a 
p-aminophenyl group to 2-aminoacridine, giving phosphine (Table VII, No. 102), has 
reduced the B.I. from 21 only to 14, and the addition of a phenyl group to acridine 
yellow (Table IV, No. 41) has reduced the B.I. from 21 only to 16 in benzofiavine 
(Table VII, No. 103). Here, as usual, the dimensional factor affects some bacterial 
types more than others.
The inactivity of "Atebrin ” (Table V II, No. 104) compared to 5-amino-2-chloro-7- 
methoxyacridine, i.e. the same compound without the side-chain (Table IV, No. 34),
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F i g . 1.— (a) 5-Aminoacridine (B.I. =  25). (6) 5- Amino-tetrahydroacridine (B.I. =  2). (c) 5-Amino-
2-chloro-T-methoxyacridine (B.I. =  21). {d) N  : N'-6w (5-acridyl)-ethylenediamine (B.I. =  8).
(e) ''''Atebrin’’ (B.I. =  7). (/) 4-Aminoquinoline (B.I. =  0). {g) 5-Amino-2 : 3-benzacridine (B.I.
=  26). {h) 4-Aminobenzo-h-quinoline (B.I. =  18).
is noteworthy, the B.I. falling from 21 to 7. These two compounds are illustrated 
in Fig. 1. Goetchius and Lawrence (1944) point out th a t the removal of the methyl 
group from ''Atebrin,'' giving 2-chloro-7-methoxy-5 (4'-diethylaminobutyl)aminoacri- 
dine, somewhat increases its activity against Gram-positive organisms, and this may 
indicate some steric hindrance to the 5-amino group by the methyl of "Atebrin."
I t  should be noted th a t in none of these instances of dimensional interference has 
any fall of basicity occurred and ionization remains unimpaired. However, in many 
cases a substantial increase in molecular weight has taken place. The sixth column 
of Table V II enables a comparison to be made on a molecular rather than on a weight 
basis. However, the figures thus obtained do not change the conclusions already 
reached.
I t  is noteworthy th a t in Table V II all the extensions to the molecule have been 
made in the direction onwards from the 5-position. The 1- and 3-phenyl derivatives 
of 5-aminoacridine (Table IV, Nos. 30 and 31) and the new substance, 5-amino-2 : 3- 
benzacridine (Fig. 1), afford a ghmpse of what extension in other directions may 
lead to.
The long-chain alkyl derivatives of 5-aminoacridine offer further examples of 
reduction in activity due to a limiting dimensional factor. I t  will be seen th a t the 
methyl compound (Table IV, No. 36, B.I. =  22) retains the activity of the parent
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substance, but when the substitute^ alkyl radical contains four or more carbon atom» 
the activity is significantly depressed (Table V II, Nos. 96-100). Actually, in these 
instances the depression appears to be the result of more than one factor, viz. lipo­
philic nature, but the dimensional effect associated with a bulky molecule cannot be 
disregarded.
Relative Im'portance of Lipophilic Nature.
The fact th a t a few highly ionized derivatives of 5-aminoacridine had a B.I. below 
15 but marked lipophilic tendencies, made it desirable to examine a representative 
selection of acridines in order to determine the degree of lipophilic nature associated 
with varying degrees of activity. This property infiuences the proportion entering 
the lipoid phase of the cell, and consequently should provide some indication of the 
site of action of these drugs. A wide range of lipophilic tendencies is represented in 
this series which encompasses, between the extremes, a six thousand-fold increase in 
oil/water partition coefficient (Albert, Goldacre and Heymann, 1943). The results are 
depicted in Table V III, the individual members being arranged in order of their 
increasing affinity for oil compared to their affinity for water.
T a b l e  V III.— Representative Compounds Illustrating that Marked Antibacterial Activity 
is Independent of Lipophilic Property or of Surf ace Activity at Serum-Protein j Water 
Interface.
Table. Xumber.
IV
IV
IV
IV
IV
IV
IV
VII
IV
VII
V
VII
V
V
VII
V
VII
VII
44
7
3
2
I
45
36
96
46
104
73
97 
71 
52
98 
70
99 
100
Substance.
Bacteriostatic index (sum 
total of code numbers 
of inhibitory 
dilutions).
2 : 8-Diamino-IO-methyl-acridi- 
nium hydroxide (as chloride) 
(pure euflavine)
2 : 8-Diammoaoridine (proflavine) 
2 : 5-Diaminoacridine . 
5-Aminoacridme . 
2-Aminoacridine . . .
2 : 8-6i5-Dimethylaminoacridine 
(acridine orange) 
5-Methylaminoacridine 
5-Butylaminoacridine .
2 : 5-Diamino-7-ethoxyacridine 
(Eiivanol)
Atebrin
4-Aminoacridine .
5-CycZohexylaminoacridine 
3-Aminoacridine .
Acridine . 
5-Heptylaminoacridine
I-Aminoacridine .
5-Dodecylaminoacridine
5-Hexadecylaminoacridine
10 per cent 
serum broth.
. 22
Surface Active K ationic Compounds for Comparison.
Laurylamine 
Undecylamine . . .  
Zephiran . . . .
Broth.
20
Partition co­
efficient olive 
oil/water at 
20° C. t  5°) pH 
7*1 (Albert, 
Goldacre and 
Heymann, 1943).
< 0  2
22 . 21 .
17 . 16 .
25 . 21 .
21 . 21 .
17 . 18 .
22 . 20 .
13 . 14 .
20 . 20 .
7 . 5 .
9 . 8 .
14 . 14 .
8 . 9 .
6 . 6 .
13 . 19 .
4 . 4 .
II . 14 1
• 8 • 6  J
I . 19 .
4 . 17 .
13 . 21 .
0-
I
I
5
. 7-
12
16
21
31
55 
77 
90 
200
1000 (m.) 
1200 
too great to J  
measure \
Percentage 
ionized at  
pH 7*3.
100
100
100
100
88
100
100
100
100
100
7
99
3
0-
100
O'
99
99
100,
100
109
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I t  will be seen th a t the active compounds (i.e. B.I. more than 15) are markedly less 
soluble in oil than the m ajority of less active members. There is an easily recognizable 
negative correlation between activity and lipophilic nature, and it would appear, on 
this presumptive evidence, th a t a partition coefficient greater than 25 would prejudice 
against marked antibacterial action. However, it will be appreciated th a t the active 
members of Table V III are highly ionized, whilst the more markedly lipophilic types 
are poorly ionized, with the exception of the alkyl derivatives of 5-aminoacridine. The 
latter owe their reduced bacteriostatic capacity at least partly to other factors, e.g. 
dimensional factors discussed above. The im portant conclusion may be drawn tha t 
the highest activity in the acridine series is consistent with a partition coefficient not 
far removed from unity, and this strongly suggests th a t the aminoacridines act in the 
watery phase of the bacterial cell.
Table V III  also shows the B.I. of each compound in 10 per cent, serum broth and 
in broth. The average B.I. for non-lipophilic members in each medium is 19, which 
permits the conclusion th a t acridines display little surface activity a t the protein- 
water interface and hence are not inactivated by protein. This stands in very marked 
contrast to the other kationic antibacterials included for comparison, each of which is 
significantly depressed by serum protein, viz. Zephiran ” approximately threefold, 
undecylamine fivefold and laurylamine sixteenfold depressions.
Relative Importance of Reduction Potentials.
In  view of the importance of oxidation-reduction potentials in cellular respiration 
and their determining influence on the transport of hydrogen through the agency of 
enzyme and co-enzyme systems, it seemed worth while to consider the reduction 
potentials of some representative acridines.
Breyer, Buchanan and Due well (1944) reported th a t acridine and 1-, 3- and 4- 
aminoacridines have reduction potentials, when compared to the normal hydrogen 
electrode, of — 0 31, — 0 39, — 0 37 and — 0 30 volts a t pH 7 3 respectively and tha t 
proflavine and 2- and 5-aminoacridines have values of — 0 73, —0 47 and — 0*92 
volts. In  this restricted series the first group are inactive against bacteria, whilst 
the second are active. Whilst it might be postulated th a t the more positive 
acridines would have greater opportunity to act as hydrogen acceptors and so become 
reduced to the feebly ionized dihydro-analogues, it is almost certain th a t all the above 
examples have potentials too negative to be inactivated in this way.
Relative Importance of p H  in Acridine Action.
I t  is well known th a t the acridines are less. effective in acidic than in alkaline 
media (Graham-Smith, 1919 ; Browning, Gulbransen and Kennaway, 1919 ; and 
Eggerth, 1926). D ata correlating ionization with activity in the acridine series were 
not available to these authors, and consequently no entirely adequate explanation 
was forthcoming on this im portant reversal of activity. We have been able to extend 
these observations and to offer an interpretation of the effect of pH on a number of 
acridines, so selected th a t changes in pH could be translated in terms of ionization 
of the drug according to the Law of Mass Action. The theoretical impHcations of the 
effect of changing pH on the union of an anion and a kation have been discussed by 
one of us (Albert, 1944).
Method.—The general procedure of the tests was similar to th a t described above, 
except th a t here a synthetic medium was used throughout. For this purpose a basal 
medium similar to th a t described by Mcllwain (1941) was adopted, with some minor 
variations. Appropriate amounts of phosphate buffers were added to give the 
required pH. All pH  measurements were determined with a glass electrode.
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The composition of the basal medium was as follows : Ammonium sulphate 0-5 g., 
ammonium chloride 0-5 g., sodium lactate 2-8 g., ferrous sulphate trace, magnesium 
sulphate trace, distilled water to 1 litre. Phosphate buffer salts were then added and 
the medium was autoclaved a t 15 lb. pressure for 20 minutes. The final pH was 
checked as in each case a slight drop in pH invariably followed sterilization.
These media gave good growth with B a c te r iu m  co li, but with S ta p h y lo co ccu s  a u re u s  
0 05 per cent of peptone (Parke-Davis & Co.) was added to provide suitable enrichment.
The end-point of bacteriostasis was taken as th a t dilution completely inhibiting 
visible growth. In  many of the dilutions subnormal growth was noted, when compared 
to the controls, but these tubes were consistently recorded as positive growth. An 
unavoidable complication of the experiments was the increased tendency of the less 
active members to precipitate in the high concentrations necessary to effect bacterio­
stasis, particularly as the medium was made more alkaline. This rendered a few end­
points somewhat uncertain, but did not interfere with the general trend of results.
The findings shown in Table IX  disclose an interesting reversal of antibacterial 
action, the explanation of which can be described in terms of kationic exchange. We 
see (Table IX) th a t a 60-fold increase in hydrogen ion concentration (i.e. shift pf pH 
from 7*5 to 5*7) causes a significant decrease in activity of the strong iDases (Nos. 2, 7 
and 6), but is without appreciable affect on their degree of ionization. On the other 
hand, the action of weak bases (Nos. 79, 80 and 71) is unaltered by the same pH shift, 
bu t ionization is greatly altered, viz. from poor ionization to almost complete ioniza­
tion. The results show th a t under conditions of equal ionization of base (i.e. a t pH 
5-4) these acridines possess practically equal activity irrespective of their pK&, whereas 
under conditions of unequal ionization (i.e. in neutral media) the activity is determined 
by kationic concentration.
These conclusions may be elaborated further by calculation of the ratio of acridine 
ions to hydrogen ions necessary to cause bacteriostasis. Table IX  (a) shows how this 
ratio is arrived a t in several examples, 3- and 5-aminoacridines, and 2 : 7 -  and 3 : 7- 
diaminoacridines. These values were obtained with B . co li, but those for S ta p h ,  
a u re u s  are entirely comparable.
T a b le  IX (a).—C o m p e tit io n  B e tw e e n  H y d ro g e n  a n d  A c r id in e  I o n s  in  S y n th e tic  M e d ia .
(Prom results with B. coli shown in Table IX.)
Concentration of acridine ions at inhibitory 
diiution(^I x 10®.)
Ratio of acridine ions to hydrogen ions at 
inhibitory diiution.
Substance. pH of medium. pH of medium.
5 7. 6-8. 7 5. 8 3. 5 7. 6 8. 7-5. 8 3.
5-Aminoacridine . 1000 130 32 8 0 510 810 1000 1600
3-Aminoacridine . 740* 57 20 Not 190 285 641 —
done
2 : 7-Diaminoacridine . 950 111 25 6 5 500 690 810 1300
3 : 7-Diaminoacridine . 830* 115 18 Not 210 580 590 —
done
Average values . 880 103 24 7 352 591 760 
Average of above =
1450
788.
* pH of medium, 5 4.
It will be seen that from pH 5-7 to 8-3, i.e. over a four-hundredfold change in 
hydrogen ion concentration, the ratio of acridine ion to hydrogen ion at the inhibitory 
concentration is relatively constant, varying by only a threefold change. In other 
words, an increase in the hydrogen ion concentration must be balanced by a Hke 
increase in acridine ion concentration for bacteriostasis to occur. This indicates that 
hydrogen ions are competing with acridine ions for the same position on an enzyme
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surface. I f  we suppose th a t the hydrogen ion is the normal occupant of this position, 
which is probably an ionized acidic group, then its displacement by a “ foreign ” ion 
will result in inactivation of the enzyme and inhibition of growth. On the evidence 
here, this inhibition occurs when the acridine ions are about 800 times as numerous as 
the hydrogen ions.
Any substituent group altering the adsorbability of the acridine kation a t the 
enzyme surface will lower or raise this ratio, depending on whether or not the sub­
stituent favours adsorption.
I t  must be pointed out th a t the pH near a surface is not necessarily the same as 
th a t in the bulk of solution. The charge on the surface (measured as a zeta potential. 
Hartley and Roe, 1939) attracts a higher concentration of oppositely charged ions to 
the surface. Although the local change in pH  may alter the degree of ionization of 
the base, there would be no change in the proportion of drug kations to hydrogen ions 
adsorbed. The factors influencing competition in mineral flotation and their bearing 
on bacteriostasis have been reviewed elsewhere by one of us (Goldacre, 1944).
Fig. 2 shows pH plotted against the limiting inhibitory concentration of the ions 
of four typical derivatives. The ionic concentration was calculated from the to tal 
inhibitory concentration (i.e. ionized and unionized molecules) and the pK& value.
S -  Am/noGrcnfc/f'ne
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F ig . 2.— Competition between hydrogen ions and acridine ions. Organism =  B. coli.
While the concentrations of the four compounds in Fig. 2 required to inhibit 
growth of B. coli a t pH  7*3 are very different (Tables IV and V), this difference is seen 
to vanish when the concentration of their ions is compared. The slight vertical dis­
placement of the straight lines from one another represents quite small differences in
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the bacteriostatic power of the ions under consideration. Above all, the slope of the 
line is the same for each drug, and it becomes evident th a t a sixteenfold increase in 
the hydrogen ion concentration (i.e. a fall of 1-2 pH units) can be compensated for by 
increasing the drug concentration ten times.
From a line typifying Fig. 2, it is possible to derive an equation from which the 
limiting bacteriostatic concentration of any simple acridine drug may be derived pro­
vided pKa and pH are known. However, such an equation would be inadequate to 
deal with the more complicated acridines where dimensional factors or zwitterionic 
structure, for example, entered.
T h e  R e s is ta n c e  o f  G ra m -p o s itiv e  a n d  G ra m -n eg a tive  O rg a n ism s  to A m in o a c r id in e s .
In  all previous experiments (Tables IV, V, VI, VII) it will be noted th a t the bacterio- 
,static capacities were determined by using five species of bacteria, three of which were 
Gram-positive and two Gram-negative. The impression has arisen from this restricted 
series th a t the Gram-positive organisms are, on the whole, far more sensitive than are 
the Gram-negative types. This finding appeared to be fairly adequately explained by 
the hypothesis of Stearn and Stearn (1924, 1926), who obtained similar results with 
another kationic series of drugs, the triphenyl-methane dyes. The Stearns’ hypo­
thesis is th a t Gram-positive organisms are more richly endowed with acidic groups 
than the Gram-negative ones, and hence have a greater affinity for basic dyes. The 
identity of these groups with the phosphoric acid residues of nucleoprotein is suggested 
in the recent work of Henry and Stacey (1943).
In  order to test the application of this hypothesis in the present series we selected 
six-highly ionized acridines for further examination. To this end the bacteriostatic 
ca%)acities of the drugs were re-determined for a wider range of Gram-positive and 
Gram -negative organisms. The results are set out in Table X below.
I t  will be noted th a t the average inhibitory dilutions for the Gram-positive types 
are consistently higher than the dilutions required to inhibit the Gram-negative 
species, but the difference between the two sets is not striking. Also, amongst the 
G ram-negatives we can recognize wide variations in susceptibility {cf. M en in g o co ccu s  
or B ru c e lla  with P s .  p y o c y a n e a ) , whereas such variations are not so marked amongst 
the Gram-j)ositive types. I t  will be apparent th a t by a prejudicial selection of certain 
organisms from Table X  the accuracy of Stearns’ hypothesis could be either accepted 
or rejected for this series.
On the other hand, a more convincing analysis of these results may be found, not 
in the Gram-staining properties, but in the complexity of nutritional requirements of 
the various species.
The non-exacting species {P se u d o m o n a s , P ro te u s , E sc h e r ic h ia )  are the most resistant 
types, the semi-exacting species (E b erth e lla , V ib r io , S ta p h y lo c o c c u s) are less resistant, 
the exacting species {S trep to co ccu s, C lo s tr id iu m , B ru c e lla )  are still less resistant, whilst 
the very exacting species {H a e m o p h ilu s  and N e is s e r ia )  are the least resistant. In  
general terms, the exacting nature of an organism’s nutritional requirements is gauged 
by its ability to synthesize gross and fine structural units from simple sources of carbon 
and nitrogen. As we ascend the scale of increasing complexity in nutrition we find 
an increasing demand on the part of the organism for special nutrients (special amino 
acids and growth factors), and, a t the same time, an increasing sensitivity to acridine 
action. Thus it might be suggested th a t the acridines act adversely on bacteria 
through interference with the more specialized metabolic activities—a mode of action 
probably unrelated to Gram staining.
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Bernheim (1944) working with B. coli found th a t 5-aminoacridine was a j)owerful 
inhibitor of respiration, and hence it is reasonable to suppose th a t the groups of the 
organism combining with aminoacridines are intimately related to the respiratory 
enzymes. A similar conclusion was reached by Martin and Fisher (1944), who found 
th a t the bacteriostatic effect of proflavine on staphylococci could be reversed by 
adenylic acid, diphosphopyridine-nucleotide and several intermediary metabolites, 
including pyruvic, lactic, acetic, malic, fumaric, succinic and glutamic acids, glucoso 
and phenylalanine.
T a b l e  X.— The Sensitivity of Gram-positive and Gram-negative Bacteria towards Certain 
Aminoacridines. Highest Dilutions Completely Preventing Visible Growth in  48 
Hours at 37° C.
Medium : 10 per cent serum broth, pH 7-2-7*4. .
Substance.
Organism.
Gram-positive species 
Cl. welchii .
Cl. sporogenes 
B. subtilis .
B. anihracis 
Strep, pneumoniae 
Strep, pyogenes A  
Strep, viridans 
Staph, aureus 
Lactobacillus
C. diphtheriae 
Myco. phlei
Total B.I. 
Average B.I.
r
5-Amlno-
acridine.
l-Methyl-
5-amiuo-
acridine.
2-Chloro-
7-methoxy-
5-amino-
acridine.
2 ; 8-Di- 
amino- 
acridine 
(pro­
flavine).
1 : 9-Di- 
methyl- 
2 : 8-di- 
amino- 
acridine.
2 ; 7-Ui- 
amino- 
acridine.
7 8 8 6 9 7
6 7 6 6 8 6
5 6 5 5 7 5
6 7 6 5 8 5
7 7 7 6 8 6
6 7 6 6 8 6
6 8 6 6 8 6
4 5 5 4 6 4
7 7 7 6 8 6
6 7 6 4 . 7 6
6 7 7 6 8 6
66 76 69 60 85 63
6 6*9 6-3 5 4 7-7 5-7
: 160,000 300,000 200,000 110,000 540,000 140,000
4 4 2 3 4 4
4 4 o' 2 3 4
0 0 0 0 0 0
5 5 5 3 6 5
5 6 5 5 5 5
) 7 7 6 6 7 7
6 6 6 6 7 6
6 6 5 3 6 6
8 8 7 7 9 . 7
7 8 6 7 8 6
7 8 7 7 10 7
59 62 49 49 65 57
5 3 5-6 4 4 4 4 5-9 5-2
I : 100,000 130,000 60,000 60,000 150,000 100,000
Av. inhibitory dilution 1 1 ,
Gram-negative species :
B. coli {Escherichia)
Proteus 
Ps. pyocyanea 
B. Friedlanderi .
B. typhosum {Eberthella)
B. dysenteriae Flexner {Shigella) 
V. cholerae .
Pasteurella .
Brucella 
H. influenzae 
N . meningitidis .
Total B.I. 
Average B.I.
Av. inhibitory dilution
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DISCUSSION.
Physico-chemical aspects.
I t  may be fairly claimed th a t a clear understanding is emerging of the connection 
between constitution and antiseptic action in the acridine series, and th a t the bridge 
between constitution and action is to be found in the realm of physical chemistry.
The cumulative evidence derived from 107 acridine compounds as presented in this 
survey justifies the conclusion th a t high antibacterial action in this series is, in general, 
dependent on a basicity sufiicient to ensure th a t most of the substance is present as 
the kation. This im portant point is well illustrated in Fig. 3, in which the pKa of all 
our compounds is plotted against anti-streptococcal activity, a t pH  7-3, the ordinate 
being the limiting inhibitory concentration of the drug (calculated as base). The 
points represented by the numbers of the compounds are to be taken as lying a t the 
centre of the circle (or part-circle) around each number. The dotted line is a theoretical 
curve derived by assuming that, a t pH  7 3, (i) a fully ionized acridine would require a 
minimal inhibitory concentration of 30 X 10"® molar (as 5-aminoacridine does), and 
(ii) an incompletely ionized acridine would require a proportionately higher concen­
tra tion  of drug in order to give the same amount of ion as th a t givefi by the fully 
ionized acridine*.
Pi.
l/e)
ss)
/ooo
2000
F ig . 3 .— The relationship of antibacterial activ ity  to basic strength. Organism : Streptococcus pyogenes.
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This equi-ionic curve has been expanded to a shaded area in order to accommodate 
a two-fold variation in end-point, thus embracing the limits of accuracy of the test.
The closeness with which the majority of the points approach, or fall Within, the 
shaded area is an outstanding example of the influence of a physicochemical property 
in determining antibacterial activity.
Each substance lying outside the shaded area is considered to possess something 
which hinders or assists the adsorption of the substance on the bacteria, according as 
it lies below or above the shaded area. Of the hindered substances. Nos. 98, 100, 101, 
105 and 106 are classified in Table V II and discussed in the tex t with regard to their 
steric limitations. No. 50 (O-amino-3-methylacridine) probably fails for reasons of 
chemical instability. Of the assisted substances. No. 65 has been discussed as an 
example of chelation. Nos. 26, 27, 29 and 33 are nitro-derivatives th a t appear to have 
a double action, and Nos. 40, 42 and 44 are methyl-derivatives where the adsorption 
seems to be assisted by the presence of oleophilic methyl groups in appropriate positions 
in the molecule.
I t  is worth noting th a t this curve is a simpler one than th a t connecting ionization 
with activity for sulphonamides (Bell and Roblin, 1942), in which activity decreases 
both above and below 50 per cent, ionization, suggestive of the summation of two 
opposing factors. '
This necessity for adequate ionization is understandable in the light of evidence 
th a t there exists a- definite competition between hydrogen ions and drug kations for a 
negatively charged point on the bacterial surface (see Fig. 2). This point is probably 
the dissociating acidic group of a respiratory enzyme, since both Bernheim (1944) and 
Martin and Fisher (1944) have related acridine action to respiration. Another type 
of enzyme seems to be indicated for B. lactis aerogenes by Davies, Hinshelwood and 
Pryce (1944), who find that, in its bacteriostatic range, proflavine acts mainly by pro­
longing the lag phase of bacterial development through inhibition of the enzyme 
responsible for the production of the growth-prompting substance normally present 
in the filtrate from growing bacteria.
Unless each bacterium can grow with only a very few units of its enzyme function­
ing, it may be claimed th a t the hydrogen ion, which is the natural occupant of the 
negatively charged point in question, obviously has a greater affinity for the enzyme 
than the competing acridine ion has. Thus, for inhibition to occur, acridine ions must 
be about 800 times more numerous than hydrogen ions (see Fig. 2, and Table IXu). 
This large ratio of drug to natural antagonist is comparable to the figure of 26,000 for 
sulphanilamide-p-aminobenzoic acid antagonism in Cl. acetobutylicum (Rubbo and 
GillesiDie, 1942) and of 500 for the pantoyltaurine-pantothenic acid system (Mcllwain, 
1942), and it stands in contrast to the low figures obtained in some other cases, especially 
when the drug antagonist reverses inhibitory action by precipitation, e.g. proflavine- 
nucleic acid with its ratio of OT (unpublished work and Mcllwain, 1941).
I t  would seem th a t a considerable number of potent acridine antiseptics can at 
any time be called into being merely by securing what appear to be the two relevant 
factors : (i) Good ionization a t the physiological pH and (ii) a minimum of dimensional 
hindrance to adsorption. I f  present-day knowledge of inductive constants be applied 
to  the data herein, it should be possible in most cases to calculate whether a given 
compound would be sufficiently basic to make its synthesis worth-while. To illustrate 
this point it could be predicted th a t the as yet unknown cyano-derivatives of 2-amino­
acridine would be unpromising substances, since the cyano-group is more electro­
negative than the chloro-group. I t  will be recalled th a t the addition of the latter 
group to 2-aminoacridine resulted in insufficiently ionized substances (see Table V, 
Nos. 76, 77 and 78).
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In  a similar manner we may analyse the findings of the various authors who, up 
to the present, have studied the bacteriostatic properties of 130 acridines. For 
example. Browning and Calver (1943) reported on a number of derivatives of 5-methyl- 
acridine and 5-styrylacridine which, lacking an amino group in the 2-position, would 
in no case give a pKa value above 6, and hence it is not surprising th a t these compounds 
were inactive. In  addition the styryl compounds would be handicapped by the di­
mensional factor. These authors examined the corresponding quaternary salts (10- 
methochlorides, etc.), which would be well ionized and moreover stabilized by inert 
substitution in the 5-position. As a result it was found th a t the quaternary salts 
derived from 5-methylacridines had considerable activity but those derivatives from 
the 5-styrylacridines were inferior, probably because the dimensional factor still 
operated. A close inspection of the other published results reveals in every case 
findings which are concordant with the hypothesis elaborated here.
Recently one of us (Albert, 1941) proposed the name Kationic Antiseptics ” as a  
collective term for salts having a kation of relatively high molecular weight which 
owed their antibacterial action to an ability to form feebly ionized complexes with 
acidic groups in the organisms. The question now arises : Are the aminoacridines 
only a special and favourably constructed sub-class of the known kationic antiseptics, 
or have the best examples a specific acridine action” in addition ? We do not think 
th a t this question can be definitely answered a t this juncture, but there is this to be 
said in favour of a specific action : No other group of common kationic substances 
shows the same intensity of action against a wide range of organisms in the presence 
of serum protein as do the 2- and 5-aminoacridines and their derivatives. This high 
potency is probably due to those structural features in the acridine molecule which 
make for ease in adsorption on bacterial enzymes and for difficulty in adsorption on 
serum proteins (Table V III). Thus the whole of the drug remains available for anti- 
bacterial action. Ease of adsorption on the bacterial enzymes evidently requires th a t 
a molecule should be fiat or a t least flexible, and it is here th a t 5-amino-tetrahydro- 
acridine (Fig. 1) fails ; bu t it is apparently equally necessary th a t a minimum molecular 
size be reached, and this explains why 4-aminoquinoline (Fig. 1) is inactive (Albert, 
1944). This requirement of size is to provide a sufficiently great area for adsorption ; 
it depends on the fact th a t increase in the number of atoms in a fiat molecule increases 
its Van der Waals attraction, whilst the kinetic energy of translation, which is th e ’ 
force tending to remove the molecule, is independent of molecular size. The fact th a t 
one can place substituents in the acridine nucleus in special positions, where they will 
increase the activity of a fully ionized substance (cf. the effect of inserting two methyl 
groups into the 1- and 9-, but not the 3- and 7-positions of proflavine) suggests the 
presence of receptor sites on the organism peculiarly suited for adsorbing the acridine 
nucleus. The same conclusion may be drawn from the fact th a t substituents increasing 
bulk beyond certain dimensions have an inactivating influence (Table VII).
On the other hand, 5-amino-2 : 3-benzacridine (Fig. 1) is not too large to be fully 
active, and even the angular benzoquinolines (e.g. 4-aminobenzo-h-quinoline, Fig. 1), 
which we are now investigating, show an activity only shghtly less than th a t of the 
corresponding aminoacridines if fully ionized examples are compared. All these facts 
suggest th a t the aminoacridines are specific in their action only in the sense th a t the 
relevant bacterial enzymes are vulnerable, in the presence of serum, to kations of the 
general dimensions and physical properties of acridines^itBetf. In  contradistinction 
to the acridines, the aliphatic amines (e.g. “ Cetavlon ” ) and the triphenylmethanes 
(e.g. crystal violet), which together form the bulk of the best-known of the non- 
acridine kationic antibacterials, are adsorbed on serum protein a t the expense of 
bacteriostasis (unpublished work).
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Recently Valko and DuBois (1944) concluded th a t the action of acriflavine could 
be reversed by sodium dodecyl sulphate, which also reversed the action of surface 
active kationic substances, such as “ Zephiran.” This was brought forward as evidence 
th a t the action of all kations can be satisfactorily described in terms of kationic exchange 
by the bacteria, without invoking a specific action on the part of the drug. We are 
in general agreement with these conclusions, but it appears to us, on reproducing their 
experiments, th a t the reversal of acriflavine or “ Zephiran ” was due partly to precipi­
tation of the antiseptic by the reversing agent. A similar type of reversing action by 
precipitation was reported on by Mcllwain (1941) using nucleic acid and acriflavine.
On the other hand, McIntosh and Selbie (1943) showed th a t staphylococci made 
resistant to proflavine are also resistant to propamidine, but are not resistant to 
2 : 7-diaminoacridine or 5-aminoacridine. Further, staphylococci could not be made 
resistant to 5-aminoacridine and only with difficulty to 2 : 7-diaminoacridine. On these 
facts McIntosh and Selbie suggested different modes of action for different acridines, 
influenced mainly by the presence of substituent groups. We find, however, th a t 
5-aminoacridine does not potentiate the action of profiavine or 2-aminoacridine, which 
might be expected if they were acting differently. The differences in acquiring resist­
ance may only be a measure of the facility of the trained organism to destroy (by oxida­
tion or deamination) the drug to which it is resistant.
5-Aminoacridine is an extraordinarily stable substance and staphylococci apparently 
cannot be trained to destroy it, so th a t increased resistance is impossible. We agree 
with these authors th a t substituents are im portant in so far as they affect ionization 
or facilitate destruction of the kation. Yet another hypothesis concerning resistance 
is furnished by Davies, Hinshelwood and Pryce (1944), who believe th a t the acquired 
resistance of B. lactis aerogenes to profiavine depends on the production of an excess of 
the enzyme blocked by this acridine.
The question may be raised as to the role of ionic resonance in the antibacterial 
action of aminoacridines. This is, of course, but one aspect of the current discussion 
on the general importance of resonance in biochemical processes, and we can only 
refer to the views expressed by Kalckar (1941), Szent-Gyorgi (1941), Huggins (1943) 
and Kumler and Daniels (1943). The simplest explanation is th a t ionic resonance 
may increase specific adsorption on the essential bacterial enzyme, firstly by flattening 
the entire molecule and secondly by facilitating its union, by primary and secondary 
valencies, with resonant structures on the enzyme surface. As we have succeeded in 
preparing highly ionized derivatives lacking in ionic resonance but possessing marked 
antibacterial action, our tentative conclusion is th a t resonance is not essential in con­
tributing to action in the acridine series (Table IV, Nos. 49 and 51). We cannot agree 
with Kumler and Daniels (1943) th a t a doubly-bound, positively charged, primary 
amino group ( =  N+Hg) plays the same role in determining biological activity of 
acridines th a t it may weU do in the case of the sulphonamides.
The dimensional factor is not so readily defined, but as a working hypothesis it may 
be assumed th a t the addition of a side-chain of more than four atoms (excluding 
hydrogen) or the hydrogenation of one or more of the benzene rings can be prejudicial 
to activity.
Finally, it has been shown th a t the most active derivatives are amongst those 
least attracted to oil, which is consistent with our view th a t aminoacridines act in the 
watery phase in contact with the bacterial enzymes. This might suggest th a t the 
external surface of the bacterial membrane is the most probable site of action of these 
substances, for there is an extensive fiterature on the relative difficulty of ions (com­
pared to neutral molecules) in penetrating membranes {cf. Davson and Danielli, 1943 ; 
Kumler and Daniels, 1943). The requirements of reduction-potentials cannot yet be
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specified numerically, but it is almost certain th a t these requirements cannot seriously 
be transgressed in the acridine series if the previously mentioned rules are observed.
Clinical aspects.
Whilst our main interest in this work has been the influence of chemical constitution 
in antibacterial activity, we have been keenly aware of the clinical potentialities of 
certain members of the present series. The well authenticated clinical findings 
obtained since 1917, and particularly during the present war, can leave no doubt as 
to the efficacy of aminoacridines as surface antiseptics. Three entirely new acridines 
have been described here which present such striking advances th a t they are worthy 
of separate comment. The drugs in question are : 1 -methyl- 5 - aminoacridine (Tables 
IV and X, No. 8) ; 1 ; 9-dimethyl-profiavine (Tables IV and X, No. 40) ; 2-nitro-5- 
aminoacridine (Table IV, No. 27).
1-Methyl-Ô-aminoacridine.— This substance is suggested as possessing certain advan­
tages over 5-aminoacridine, which was previously recommended by us as a non-staining 
acridine. 1-Methyl-5-aminoacridine is significantly more active than the parent 
molecule against Gram-positive and Gram-negative bacteria (Table X), it is less toxic 
(L.D. 50 =  013 g./kg. mouse, subcutaneously), non-staining, and has not the very 
bitter taste characteristic of 5-aminoacridine. The indications for its use would be 
the same as those for 5-aminoacridine.
1 : 9-Dimethyl-proflavine.—This drug, with the possible exception of 2-nitro-5- 
aminoacridine, is the niost active aminoacridine so far discovered. The introduction 
of two methyl groups has enhanced antibacterial action over th a t of profiavine approxi­
mately fivefold for Gram-positive organisms, and twofold for Gram-negative types 
(Table X). This significant increase in activity is.not accompanied by a corresponding 
increase in toxicity (L.D. 50 =  0 09 g./kg. mouse, subcutaneously). In  view of these 
comparisons it can be expected th a t 1 : 9-dimethyl-profiavine may prove even more 
useful than the other coloured acridines (“ flavines ” ) hitherto available.
2-Nitro-5-aminoacridine.—Apart from its general activity the outstanding feature 
of this substance is its marked antistreptococcal action, which is manifested in a 
dilution of 1 in 2,500,000. This property suggests a sphere of usefulness in treatm ent 
of haemolytic streptococcal infections of the throat, skin, wounds and prophylactically 
in obstetrics. The drug is relatively non-toxic and poorly staining.
The experiments describing the reversal of acridine action with increasing hydrogen 
ion concentration have not only an academic significance, but can be well applied 
clinically. For the development of fullest activity within physiological limits the 
aminoacridines should be used a t pH  7-3, and if applied to a suppurating wound, which 
will sometimes have a slightly acid pH (e.g. 6-0), it becomes desirable to neutralize 
and buffer the wound during acridine therapy. Irrigation of the wound with saline 
sodium bicarbonate solution would therefore seem more desirable, as a preliminary 
treatm ent, than the usual saline irrigation now in common use. Furthermore, neutra­
lized profiavine solutions should always be used in place of acidic proflavine sulphate 
(Albert and Gledhill, 1943). Where powder therapy is indicated mixtures such as 
profiavine sulphate 1 per cent in sulphathiazole could be improved by the addition of 
1 per cent of heavy magnesium oxide.
SUMMARY.
1. One hundred and seven acridine compounds, 77 of which are new, have been 
synthesized for this survey, and have been graded according to their bacteriostatic 
capacities. Their antibacterial activity has been traced back to certain underlying 
physical and chemical properties.
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2. I t  is shown th a t a basicity sufficient to induce a t least 75 per cent, ionization 
a t pH 7-3 a t 20° C. (or 60 per cent, a t 37° C.) is essential for effective bacteriostasis in 
this series. This means th a t an acridine derivative with a pKa less than 7*8 is almost 
certain to be ineffective against bacteria (see Tables IV and V, and Fig. 3).
3. Furthermore, it is shown th a t the activity of acridine resides mainly in the 
kations, and th a t anions, zwitterions and undissociated molecules have little activity 
(Tables V and VI).
4. Evidence is brought forward th a t acridine kations injure bacteria by competing 
with hydrogen ions (for a vital enzyme position), much as sulphonamides injure bacteria 
by competing with p-aminobenzoic acid. In  the present case this competition pre­
sumably concerns vital acidic groups on the enzymes, which ionize well only in neutral 
or alkaline media, and it is shown how variations in the pH of the environment will 
weight this competition for or against the drug (Tables IX  and IXa).
5. The importance of maintaining size and shape of acridine derivatives within 
certain dimensional limits is discussed in respect to the influence of these factors oh 
bacteriostatic capacity (see Table VII).
6. Substituents in the acridine nucleus exert their effect principally through con­
trolling ionization and less im portantly through facilitating specific adsorption a t 
enzyme sites. Specific adsorption, contrasted against generalized adsorption on 
protein, is shown to be a feature of this series (see Table V III).
7. The oil/water partition coefficients of a selected number of the most active 
members of this series are not far removed from unity, and it is deduced from this th a t 
antibacterial action takes place in the aqueous phase (see Table V III).
8. The significance of ionic resonance and of the very negative reduction potentials 
of aminoacridines is outlined.
9. The bearing of the present investigations on the clinical use of acridines is 
discussed and three new drugs are recommended for clinical trial, namely, 1 : 9-di- 
methy 1-profiavine, 1 -methyl-5-aminoacridine, 2-nitro-5-aminoacridine.
The authors wish to thank Professors J . C. Earl, L. P. Garrod and H. A. Woodruff 
and Dr. I. W. W ark for the encouragement th a t they have given this work during the 
several years it has been in progress ; Prof. Garrod for reading the manuscript and the 
proofs ; Miss C. Anderson, B.Sc., and Mrs. H. Hiller, B.Sc., for some bacteriological 
assistance ; the National Health and Medical Research Council for partial support.
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1
Mode of  Action of Benzylamine 
Sulphonamide ( ‘Marfanii’)
T h e  antibacterial agent benzylamine-4-sulphon- 
amide (I), which under the nam e of ‘MarfaniT was 
supplied in quan tity  to  Rom m el’s forces in N orth  
Africa, has given interesting results in Allied hands 
(cf. Mitchell, Rees and Robinson^). Organisms m ade 
resistan t to  sulphanilam ide by  growing them  in con­
ta c t w ith the drug were resistant to  all other sulphon­
amides except ‘M arfanii’2. Schreuss found th a t the 
antibacterial action of ‘M arfanii’ was not antagonized 
by p-aminobenzoic acid^. A possible reason for these 
differences from the sulphanilamide-lilie düugs is 
revealed by the  determ ination of the basic strength.
Benzylamine sulphonamide, having the amino- 
group insulated from the benzene nucleus by a 
m ethylene group, should be a much stronger base 
th an  sulphanilam ide and p-aminobenzoic acid, which 
were found to be very weak b a s e s F o l l o w i n g  the  
procedure outlined in the previous communication^, 
the  negative log of the acidity constant (_pKa) ex­
pressing the  position of the equilibrium of the  reaction
R H  — R +  H +
(where R  represents the  base) was determ ined by 
potentiom etric titra tion  with the glass electrode in 
w ater a t  20° C. (see table). Benzylamine-4-carboxylic 
acid (II), which stands in the same structural relation­
ship to benzylamine sulphonamide as p-aminobenzoic 
acid does to  sulphanilamide, was investigated also.
(I)
NHg1 NH,
CHg GHz
1 (II) 1A AV/ /COOH
I f  the forces between enzyme and m etabolite or 
drug are electrical in nature, then similarly charged 
ions are overwhelmingly best fitted to  compete w ith 
one another for the enzyme. However, the  fact th a t 
substances w ith both acid and basic groups exist in 
solution as an equilibrium m ixture of the  four differ­
en t electrical forms, in the  proportion determ ined by 
the  p H  and the  pK a, would render all substances 
in the  accompanying tab le capable of competing w ith 
one another to  some ex ten t ; b u t when a  substance
intended to displace an essential metabolite from an 
enzyme is mainly in a different electrical form from 
the metabolite, then the concentration required for its 
action may be so high as to exclude its use as a drug.
Substance
pK a
(basic
group)
pKa
(acid
group)
Principal 
ionic form 
at pH 7-3
Benzylamine-4-sulphonamide (I) 
Benzylamine-4-carboxylic acid 
(II)
Sulphanilamide (for comparison) 
p-Aminobenzoic acid (for com­
parison)
8-18
9-64
2-1
2-2
10-23
3-59 
10-3
4-9
cationic
zwitterionic
unionized
anionic
Applying the Mass-Law equation
pH pKa — log
one deduces that, at the physiological pH value (7-3), 
benzylamine sulphonamide exists mainly in the form 
of positive ions, whereas sulphanilamide exists as 
uncharged molecules plus a small proportion (0-1 per 
cent) of negative ions (this proportion increasing as 
the potency of sulphanilamide is increased by sub­
stitution, as in sulphathiazole and sulphadiazine®). 
Similarly, p-aminobenzoic acid exists mainly as 
negatively charged ions. Thus it is unlikely that 
benzylamine sulphonamide can compete effectively 
for the same position on the enzyme surface as the 
oppositely charged p-aminobenzoic acid.
Accordingly, it is postulated that benzylamine 
sulphonamide acts on a different enzyme from that 
involving p-aminobenzoic acid. Whether benzylamine-
4-carboxylic acid can antagonize the antibacterial 
action of benzylamine sulphonamide remains to be 
determined. This possibility is not excluded by the 
above results, but it will depend, of course, on whether 
benzylamine-4-carboxylie acid is an essential meta­
bolite, as demanded by the Woods-Fildes theory.
The benzylamine-4-sulphonamide was prepared by 
Prof. A. K. Macbeth, University of Adelaide, and 
the benzylamine- 4 - carboxy lie acid (new synthesis)® 
by Dr. A. Albert, University of Sydney, who are 
hereby thanked.
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171. Aminoacriclines : Some Partition and Surface Phenomena.
B y A d r i e n  A l b e r t ,  R e g i n a l d  G o l d a c r e ,  a n d  E r i c  H e y m a n n .
In order to obtain data for a closer correlation of physical and biological properties among kationic antiseptics, 
the oil-water partition coefficients and the air—water surface activities of a number of aminoacridines have been 
measured. Some correlations between these physical properties and the molecular structure are discussed.
The results suggest that marked oleophilic and surface-active properties are unnecessary for, and if present in 
high degree are inimical to, the development of good antiseptic properties in this series.
I t  has been shown (Albert, Goldacre, and Rubbo, Nature, 1941, 147, 709) that those monoaminoacridines which  
are m ost active against bacteria are more strongly ionised and more hydrophilic than those w ith weakly  
bacteriostatic properties. To widen the scope of this observation, determination of the distribution of a number 
of other aminoacridines between olive oil and water has now been made. Further, the surface activ ity  of all 
these compounds at the air-w ater interface has been measured, since it m ay serve as a rough guide to the relative 
degrees of adsorption at non-w ater-w ater interfaces in living material. Apart from a determ ination of the 
comparative* drop numbers of rivanol and euflavine at various pH  values (Michaelis and H ayashi, Z, 
Immunforsch., 1923, 3@, 518j, no investigation of distribution phenomena in the acridine series has y et been 
made.
Col. A =  pH value. Col. B =  Approximate percentage ionised. Col. C =  Partition coefif., olive oil/water, at 
20° ±  5°. Col. D =  Depression of surface tension of water at 15° ±  2° by 2 5 x 10"* mol./I., in dynes/cm.
Acridine ...........................................................................................................
1 - Aminoacridine.............................................................................................
2-Aminoacridin e .............................................................................................
3-Aminoacridin e ..............................................................................................
4’Aminoacridine........................................... ........................................... .....
5-Aminoacridine (mesocrin) ................................................................
2 : 5-Diaminoacridine ........................................................... \ ...................
2 : 7-Diaminoacridine .................................................................................
2 : 8-Diaminoacridine (proflavine) ............................................................
2 : 5-Diamino-7-ethoxyacridine (rivanol) ............... ...............................
2 : 8-Diaminoacridine-10-methochloride (euflavine) ...............................
2 : 8-Bisdimethylaminoacridine (acridine-orange) ...............................
2-Aminoacridine-7-sulphonic acid ............................................................
2-Chloro-5-(8-diethylamino-a-methyl)butylamino-7-methoxyacridine
or mepacrine) ..............................................................................................
5-Methylaminoacridine .................................................................................
5-Butylaminoacridine .................................................................................
5-cyc/oHexylaminoacridine .........................................................................
5-Heptylaminoacridine ........................................................... .....................
5-Dodecyl- and 5-hexadecyl-aminoacriddnes ...........................................
(atebrin
3-Aminoacridine
3-Aminoacridine
5-Dodecylaminoacridine
* Solubility difficulties made measurements impossible.
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A. B. C. D.
0*8. 200 2
0*1 1200 7
93 5*2 0*2
5 90 1*5
11 55 0
100 ■ 1*2 0
100 1 0
94 « * 0
» 100 0*7 0
100 21 12*5
'7-0—7-2 100 <0*2 0
100 7*3 1*5
90 0*9 0
100 31 0*2
100 12 0
100 16 1*5
100 77 2*5
100 ca. 1000 18
100 * *
100 40 3 —
4-7 93 — 1*5
2 3 100 — 0
3 6 100 — 0*5
4 0 100 — 9
4 3 100 — 36
4 0 100 — 26
4*6 • 100 — 0
4*6 100 — 1
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' ~~o Hepty! ipH 7-0)
o H epty/(pH7-3)
^  ^  Hexa decy! (pH 40) 
Dodecy! (pH 4-3)
Fia” 2. 
S'A/kylaminoacridines L
...........
--KF
— oC
Fia. 3.
10 ,  15
M o la r ity  X 10 .^
20
F ig . 1.
A. 2-Aminoacridine, pH 7 1.
B. Atebrin. pH 7-2.
C. Acridine, pH 7 2.
D. Acridine-orange, pH 7-0.
E. Rivanol, pH 7-0.
F. 3-Aminoacridine, pH 7-2.
G. 1-Aminoacridine. pH 7-2.
Methyi(pH7-0) 
^Cychhexy!(pH7'3) BÜtylTpH. 3-6)
~Buty/(pH7-3y
F ig . 3.
A. 3-Aminoacridine, pH 2-3.
B. 3-Aminoacridine, pH 4-7.
C. 3-Aminoacridine, pH 7-2.
D. Rivanol, pH 4-G.
E. Rivanol, pH 7-0.
F. Crystal-violet, pH 4-5.
G. Crystal-violet, pH 7-1.
H. Crystal-violet, pH 8-4.
Discussion of Partition Coefficients.— The partition coefficients oil/w ater at pH  7 of acridine arid the five 
aminoacridines are seen to  be roughly parallel to  the am ounts of un-ionised bases present. That other factors 
play some part ig suggested b y  the relatively low value for 5-aminoacridine at pH  10, and it is unlikely th at all 
the undissociated bases are equally Oleophilic or all the ions equally hydrophilic. As would be expected, the  
partition coefficient of an aminoacridine is lowered b y  addition of another amino-group [e.g., proflavine and 
2 : 5-diaminoacridine), but only slightly, since at pH  7 no new ion is formed. Quaternisation of the ring 
nitrogen a W W  (cf. euflavine) also reduces the coefficient. On the other hand, it is raised by  alkylation of a 
primary amino-group (cf.. acridine-orange) and increases w ith the length of the substituent group until (as w ith
6-dodecylaminoacridine) the salts, although com pletely ionised in aqueous solution, have become so oleophilic 
th at th ey  pass from water entirely into the oil. The heightened coefficients of rivanol (I) and the antimalarial 
atebrin (II) as compared w ith 6-aminoacridine are attributed to  the ethoxy- and the chlorine substituent 
respectively.
D iscussion of .Surface Activities .— It w ill be seen from the table that a ifumber of acridine derivatives do.not 
lower the surface tension of water at pH  7, and 2-aminoacridine and atebrin lower it only slightly. The remain­
ing substances show substantial reductions (Figs. 1 and 2), and although the orders of surface activities and 
partition coefficients do not coincide, these substances have high partition coefficients. '
Two im portant factors th at favour surface-activity are feeble ionisation and a relative propinquity of the 
m ain centres of hydration to  one another so as to  create the tendency towards a definite orientation. This 
concept m ay serve to  expiai# the high surface activ ity  of acridine and 1-aminoacridine, the lower degrees of 
activ ity  shown by 2- and 3-aminoacridine, and the absence of this quality in the 4- and the 5-isomeride. The 
apparent reversal of order of 2- and 3-aminoacridines, as estim ated by the propinquity factor, is accounted for
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by the much greater degree of ionisation of the former (see table). Some examples are given (Fig. 2 and 
particularly Fig. 3) of the effect of pH  on surface activity. The latter is less in acid solution on account of the  
increased ionisation (see table), and this accords with the general principle that ions, because of their greater 
hydration, are adsorbed less strongly at a water boundary than are the corresponding un-ionised molecules.
Traube’s rule, that the surface tension of water is lowered more strongly as the chain length of an alkyl 
radical increases, is qualitatively exemplified by the series of 5-alkylaminoacridines (Fig. 2). As the higher 
homologues have water-insoluble hydrochlorides and phosphates, a series of acetates were measured at pH  4. 
The apparent reversal of positions of the dodecyl and hexadecyl homologues is connected with the formation 
of colloidal micelles as indicated by the increasing turbidity of their solutions. Actually, the lower members 
of this series pass through ultrafilters (prepared according to  Bechhold and Gutlohn, Z. angew. Chem., 1924, 
37, 494, from 5% collodion in acetic acid), although there is considerable adsorption on the membrane. The 
particles of the tw o higher homologues, however, are com pletely retained by these filters, whose pore-size can 
be judged from the fact th at they  retain m ost proteins but allow serum albumin to  pass.
As for the connexion between constitution and surface activ ity  among the more complicated structures, 
the increased activ ity  of rivanol (I) over 2 : 5-diaminoacridine is attributed to  the ethoxy-group, but atebrin  
(II), which is more oleophilic than (I); is only slightly surface active. Observations on 2-chloro-5-amino-
7-methoxyacridine, i.e., atebrin shorn of its side chain, could not be carried out at pH  7 because of solubility  
difficulties, but at pH  4 6 it was more surface-active than rivanol.
Crystal-violet (/e?^-dimethylaminotriphenylcarbinol anhydride chloride), which is the m ost important 
member of the surface-active triphenylm ethane antiseptics, has been included in Fig. 3 for comparison.
Dr. S. D. Rubbo, of Melbourne University, who has been assessing the antiseptic values of these substances, 
reports that the m ost antibacterial of the aminoacridines were found among the most hydrophilic members of 
the above list, i.e., those w ith partition coefficients of about unity and little  or no surface-activity. Rivanol, 
which is rather oleophilic and yet alm ost as antibacterial as 5-aminoacridin'e, was the sole exception. Further, 
there are indications of a correlation between surface-activity and the depression of bactericidal activ ity  on the  
addition of red blood cells (cf. Rubbo, Albert, and M axwell, Brit. J .  Exp. Path., 1942, 23, 69). Phenobarbitone 
and butanol are instanced as other biologically active substances w ith an oil/water coefficient of about unity.
CHMe-LCHgh-^Eta
N - N
E x p e r i m e n t a l .
The percentage ionisation was calculated from both unpublished and published (Albert and Goldacre, this vol., 
p. 454) figures for pA„ values in dilute alcohols, the pA„ values in water being estimated as approximately 0 5 unit higher.
Neutral olive oil was prepared, following the Argentinian Pharmacopoeia, by determining the free acidity of olive oil 
(B.P. grade) and treating it with sodium carbonate crystals (roughly equal to the weight of fatty acid present) dissolved 
in ten times their volume of water, the oil being added in 5 successive portions to the alkali at 40° during 2  ^hours, 
with vigorous shaking for 5 mins. after each addition. After 15 hours, the mixture was filtered through dried paper, 
mixed with a third of its volume of 95% alcohol, and shaken vigorously several times during 24 hours. The oil was 
separated and heated at 160° for an hour.
Partition coefficients were determined by dissolving the hydrochlorides of each amine (range 0 5—5 0 mg. usually, 
in regular steps) in phosphate buffer (100 ml., pH 7-0). This was shaken at 25° for 2 hours with sufficient neutral olive 
oil to extract approximately half the amine, as determined from preliminary experiments. The emulsion was centrifuged, 
and the aqueous layer compared in a colorimeter with the unextracted solution, which was then diluted to approximately 
the value found for the extracted solution, and the two solutions were compared again to guard against deviations from 
Beer’s law. In such cases where there was a marked change of colour on acidification, both solutions were then brought 
to pH 2-5 and compared again. Concordant figures were obtained from the various methods, but some substances, 
marked with an asterisk in the table, could not be measured because either they were too sparingly soluble in both 
phases or they were exclusively soluble in one of the phases. The principal difficulty encountered was the matching of so 
many yellow solutions, an error of up to 10% with this colour being hard to avoid. The method is illustrated by results 
for 4-aminoacridine :
Mg. per 100 ml........................................  0-9 TO *1-2 1-5 2-5 5-0
Coefficient ................ *.........................  54 55 56 49 58 57 (average 55)
No evidence that any compound was associated in the oily layer was found. .The values for acridine and 1-amino­
acridine were obtained by a slightly different method, as previously described (Albert, Goldacre, and Rubbo; loc. cit.), 
the data previously quoted having been slightly amended by averaging the results of further experiments.
Surface tensions were measured by the ring method, a Cenco-Du Nouy tensiometer being employed. The experi­
mental precautions specified by Harkins and Brown {}. Amer. Chem. Soc., 1919, 41, 499; also Harkins, Young, and 
Cheng, Science, 1926, 64, 333; Harkins and Jordan, J. Amer. Chem. Soc., 1930, 52, 1751) were rigidly observed and 
the experimental values were corrected by the aid of factors worked out by these investigators. With some compounds 
{e.g., 2 : 7-diaminoacridine and acridine-orange) difficulties were encountered because of the comparative physical 
instability of the solution at the pH studied. The majority of the experiments were carried out in phosphate buffer 
between pH 7-0 and 7-2 as measured by a glass electrode and Cambridge valve potentiometer. The more acid solutions 
were buffered with citric acid and disodium phosphate according to Mcllwaine.
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Materials.—Acridine, m. p. 110°, was purified by steam distillation. The other substances were prepared and purified 
according to the following methods : 1-, *2-, 3-, and 4-aminoacridines (Albert and Ritchie, J.  Soc. Chem. Ind., 1941, 
60, 120); 5-amino- and 5-chloro-acridine [idem, Organic Syntheses, 1942, 22, 5); proflavine (Albert, J., 1941, 121) ; 
euflavine (Hall and Powell, Quart. J.  Pharm., 1934, 7, 522) ; 5-methylaminoacridine (Albert and Ritchie, this vol., p. 454) ; 
2 : 7-diaminoacridine (Aust. Patent, 115,480, 1942, to University of Sydney) ; 2 : 5-diaminoacridine and 2 : 5-diamino- 
7-ethoxyacridine (Albert and Gledhill, J.  Soc. Chem. Ind., 1942, 61, 159) ; 2 : 5-dichloro-7-methoxyacridine and mepacrine 
(I. G. Farb. Ind., B.P. 1930, 363,392); acridine-orange (Biehringer, J.  pr. Chem., 1896, 54, 243) ; 2-aminoacridine- 
7-sulphonic acid (Aarons and Albert, J., 1942, 183) ; crystal-violet (Kovache, Ann. Chim., 1918, 10, 247).
New Compounds.—2-Chloro-b-amino-l-methoxyacridine. 2 : 5-Dichloro-7-methoxyacridine (2-8 g.) and phenol
(11 g.) were heated to 70°, and effloresced ammonium carbonate (1-4 g.) added. The mixture was then heated at 120° 
for 15 mins., cooled, and treated with acetone (30 ml.). The precipitated hydrochloride of 2-chloro-5-amino-7-methoxy- 
acridine was washed with acetone and recrystallised from 1 1. of boiling water ; yield, 2-5 g. (85%) of brilliant yellow 
crystals, m. p. 340° (decomp.), soluble in about 290 parts of hot and 2,000 parts of cold water with a green fluorescence. 
The base, liberated with N-sodium hydroxide and recrystallised from 60 parts of 60% alcohol, formed orange-yellow 
crystals, m. p. 271° (281°, corr.), slightly soluble in chloroform, ether, and acetone, very soluble in alcohol with a green 
fluorescence (Found : N, 11-0. Ci^H^ONgCl requires N, 10-8%)'.
5-Butylaminoacridine hydrochloride. M-Butylamine (3-6 g., b. p. 76—78°), 5-chloroacridine (5 g.), and phenol (15 g.) 
were heated under reflux, the bath being raised from 70° to 130° during anihour. 5-Biitylaminoacridine hydrochloride 
was precipitated from the cooled mass with ether (50 ml.). It recrystallised from alcohol (9 ml.) in yellow needles (60% 
yield), m. p. 189— 190°, and was soluble in 5 parts of boiling water and 1-5 parts of boiling alcohol. In ultra-violet light 
(A 3650—3663 a.), but not in daylight, the aqueous solution fluoresces green, changing to an intense blue on dilution. 
The salt is very slightly soluble in acetone, benzene, and ether (FouncJC, 71-1 ; H, 6-8 ; N, 9-6. Ci7HigN2,HCl requires 
C, 71-2 ; H, 6-7 ; N, 9-75%). The base, recrystallised from benzene-light petroleum (3 : 1), formed orange-yellow crystals, 
m. p. 100— 102°, very soluble in alcohol with a green fluorescence.
cydoHexylamine (3-1 g., b. p. 134— 135°), 5-chloroacridine (5-35 g.), and phenol (15 g.) were heated at 120° for J hour, 
cooled, and the b-cyclohexylaminoacridine hydrochloride precipitated with ether (50 ml.) and recrystallised from alcohol 
(60 ml.) ; yield, 70% of greenish-yellow crystals, m. p. 271° (280° corr. ; sealed tube), soluble in 11 parts of boiling alcohol 
and 16 parts of boiling water without marked fluorescence, and only slightly soluble in benzene or acetone (Found : 
C, 72-9 ; H, 7-0 ; N, 9-1. CigH2oNg,HCl requires C, 73-0; H, 6-8 ; N, 9-0%). The base, recrystallised from benzene, 
gave yellow crystals, m. p. 170— 171°, very soluble in alcohol with a green fluorescence.
6 -Heptylaminoacridine hydrochloride, similarly prepared in 70% yield from w-heptylamine (b. p. 154— 156°) and 
recrystallised from water (300 ml.), gave yellow crystals, m. p. 106° (138° when anhydrous), soluble in its own weight of 
boiling alcohol and in 600 parts of cold water with very little fluorescence ; moderatelv soluble in boiling benzene (Found : 
C, 69-6; H, 7-9. CgoHg^Ng.HChHgO requires C, 69-2; H, 7-8%).
Dodecylamine (2-4 g. ; b. p. 133— 135°/15 mm.), 5-chloroacridine (2-9 g.), and phenol (9 g.) were heated for |  hour at 
160°, and the phenol distilled off in a vacuum. The residue was stirred with light petroleum (30 ml.) and ether'(90 ml.), 
kept on ice overnight, and the 6 -dodecylaminoacridine hydrochloride filtered off, washed with a little acetone, and recrystal­
lised from acetone (130 ml.). Yield, 85% of yellow, slippery crystals, m. p. 92°, sparingly soluble in cold water with a 
brilliant blue fluorescence visible only in ultra-violet light. Soluble in its own weight of boiling benzene or of alcohol ; 
soluble in about 700 parts of 30% alcohol (Found ; C, 72-2 ; H, 9-0; N, 6 8. C25Hg4N2,HCl,H20 requires C, 72-0; 
H, 9-0 ; N, 6-7%). The base, m. p. 67°, liberated from the alcoholic solution with N-sodium hydroxide (aqueous) and 
recrystallised from light petroleum, was yellow and more soluble in 10% acetic acid than in mineral acids. The alcoholic 
solution had a green fluorescence.
6 -Hexadecylaminoacridine hydrochloride, similarly prepared (75% yield) from cetylamine (m. p. 44°), formed yellow, 
slippery needles, m. p. 99— 100°, almost insoluble in boiling water, soluble in its own weight of boiling benzene and in 
about 200 parts of boiling acetone (Found : C, 73-3; H, 9-7; N, 6-0. CagHjaNa.HCfHaO requires C, 73-6 ; H, 9-6 ; 
N, 5-9%). The base, crystallised from light petroleum and from 75% alcohol (green fluorescence), formed yellow crystals, 
m. p. 66°, readily soluble in a slight excess of 10% acetic acid.
We thank Messrs. F. H. Dorman and M. R. F. Mulcahy and Miss Beryl Reynolds for their experimental assistance 
in the surface-tension work.
University of Sydney, N.S.W. Department of Agriculture, and
U n iv ersity  o f  M elbourne. [Received, October 2' r^d, 1943.]
P r in t e d  in  G r e a t  B r it a in  b y  R ic h a r d  C l a y  a n d  C o m pa n y , L t d . 
B u n g a y , S u ff o l k .
i O
Reprinted from the
AUSTRALIAN JOURNAL OF APPLIED SCIENCE
VOLUME 2, NUMBER I, PAGES 89-107, 1951
THE FLOTATION OF KING ISLAND SCHEELITE IN HARD
MINE WATER
B y  R . J . G olda c r e
Reprinted for the 
Commonwealth Scientific and Industrial Research Organization,
Australia
THE FLOTATION OF KING ISLAND SCHEELITE IN HARD
MINE WATER
B y  R . J . G o l d a c r e*
{M anuscrip t received A u g u s t  4, 1950)
S u m m a ry
The flotation o f scheelite and andradite in hard w ater has been investigated  
using several collectors.
In the fa tty  acid series o f collectors flotation of scheelite in distilled  
w ater increased with the chain length. In the hard w ater studied, flotation  
first increased w ith  increasing chain length , then decreased, the m axim um  
being w ith a collector w ith  9 carbon atom s (pelargonic acid ).
The fa tty  am ines w ere found to be usefu l collectors in hard w ater but 
lack selectiv ity  between the calcium  m inerals in solution o f high pH value. This 
is a d isadvantage when calcite is present in the ore and prevents a pH  of  
less than 6 from  being m aintained. Thus laurylam ine (C 12 ) gave excellent 
flotation but w as not sufficiently selective in the perm issible pH range. R easons 
for the lack o f se lectiv ity  above pH 6 (although selectiv ity  occurs below this  
pH ) are discussed in the ligh t of a postulated dual action of non-quaternary  
am ines.
Good separation w ith  “N inol 400” w as effected, but near pH 2, and so 
could not be used in practice on ore containing calcite.
A t pH values above 6 the alkyl sulphates and sulphonates are not 
collectors for scheelite unless it is activated. Lead ion is especially  active and 
produces excellent flotation w ith  sodium laurylsulphate. Selective conditions 
under which andradite did not float were not discovered.
I . I n t r o d u c t io n
Scheelite (calcium tungstate) has been floated successfully from its 
ores by various investigators (Coghill and Clemmer 1932; Vanderburg 
1932 ; Leaver and Royer 1936 ; MacDonald 1937 ; Davis 1938 ; Hart 1938 ; 
Deminova 1939; Belash and Veikhel 1940; Rosov and Miasnikova 1940; 
O'Malley 1941; Hart and Dunkin 1942; Cummings 1943) when soft water 
has been available. The collector, or reagent inducing the mineral to float, 
has usually been sodium oleate used at a pH of 7 to 10, together with 
sodium silicate to depress the gangue. These conditions fail when the 
solution contains traces of calcium and magnesium salts (Hart and Dunkin 
1942; MacDonald and Moore 1942; Anon. 1943; McLaren 1943), and the 
purpose of this investigation was to flnd conditions for the selective 
flotation of scheelite using water of a hardness similar to that at the King 
Island Scheelite Mine, and at the same time to inquire into the mechanism 
of the flotation of scheelite so that the results could be used with water 
of any composition.
The deposit at King Island is the largest known single deposit of 
scheelite in the world (Nye and Knight 1943), but every source of water
* D ivision of Industrial Chem istry, C.S.I.R.O., Melbourne.
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within 19 miles of the mine contains appreciable amounts of calcium and 
magnesium, particularly the latter (Hart and Dunkin 1942).
Some success in floating scheelite in hard water was gained (Leaver 
and Royer 1936; Keast, Hey, and Mawby 1942; Hart and Dunkin 1942) 
when ‘‘Aerosol OT” (sodium dioctylsulphosuccinate), cresylic acid, and 
“Tallol" (sulphonated lignin) were used in conjunction with oleic acid; but 
“Aerosol OT" is much more expensive than oleic acid (a deciding factor 
for low-grade ores), and moreover this combination is unsuccessful on 
weathered or decomposed ores (Hart and Dunkin 1942). Some workers 
claim to have softened their hard water sufficiently with sodium carbonate 
(Anon. 1943 ; Keast, Hey, and Mawby 1942; Leaver and Royer 1936; 
McLaren 1943; Nye and Knight 1943) but it is doubted whether softening 
with sodium carbonate is capable of removing sufficient of the magnesium 
and it is considered that their successful flotation results are due to some 
other cause ; moreover the large amounts of sodium carbonate required 
greatly increase the cost.
It was hoped at the outset of this investigation to flnd a collector 
which would separate scheelite from garnet (andradite) in water con­
taining large amounts of calcium and magnesium salts. Although this 
was achieved, using collectors from several different classes of chemical 
compounds, the selective conditions for separation were confined to solu­
tions of low pH value. Most scheelite ores, including the King Island 
deposit, contain calcite so it is impossible to operate these methods unless 
the calcite were first removed. An economical method of softening the 
mine water, which might enable oleic acid to be used selectively, is under 
investigation.
(a) Preliminary Considerations
(i) Composition of the Water.—Analyses by Hart and Dunkin (1942) 
over a series of successive days of the water of the Grassy River, used by 
the King Island Scheelite Mine, showed that the concentration of Ca++ and 
Mg++ did not exceed 10 and 2 0  mg./I. respectively (with about 1 0 0  mg. 
Na+/1.), except when sea-water broke through the bar (a rare occurrence) 
resulting in serious contamination, which is, however, practically removed 
by the next day. Accordingly a synthetic mine water was made up, con­
taining 1 0  mg. Ca++/L, 2 0  mg. Mg++/1 ., and 1 0 0  mg. Na+/1. as chlorides 
and it was aimed to float scheelite in water of this composition, which will 
henceforth be referred to as “mine water."
(ii) Solubility of Calcium Tungstate.—The solubility of calcium tung­
state has been given in the literature (Comey 1896; Hodgman, 1943; 
Leaver and Royer 1936) as 2 g./l. (although Seidell (1940) gives 0.93 X  
10"^  molar (i.e. 0.27 m g./l.) ). If the higher solubility were correct, it 
would seriously affect the composition of the water. Several grams of 
water-washed scheelite were shaken with distilled water at 25°C. for 24 
hours, and the supernatant liquid analysed. Calcium tungstate prepared
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by double decomposition was treated similarly. The solution from the 
latter contained less than 1 mg. Ca++/1. and that from the scheelite con­
tained 3 mg. Ca++/1. This amount may not all be from the scheelite, but 
possibly from a trace of associated mineral. Thus, no interference is to 
be expected from solution of the mineral during the relatively short time 
of flotation.
(iii) Nature of King Island Ore.—Nye and Knight (1943) have given 
a comprehensive description of the ore-body at Grassy, King Island, Tas­
mania. The main minerals associated with the scheelite are garnet, quartz, 
and calcite, the first being in greatest amount. The present investigation 
was mainly confined to the separation of scheelite from garnet, which has 
been the most difficult gangue constituent to depress in previous separa­
tions (Hart and Dunkin 1942). Quartz does not float with anionic col­
lectors without activation, and calcite, if  it floats can be leached out* with 
cold 10 per cent, hydrochloric acid (Deminova 1939; Hart and Dunkin 
1942; Hodgman 1943). The garnet, when in the form of large black 
crystals, appeared to be mainly andradite from its refractive index, density 
(D 4 ^ 8  =  3.78^), and composition (much Fe and Ca, trace A l).
(&) Experimental Method
The behaviour of each mineral in solutions of different composition 
was determined by cylinder flotation tests described by Wark (1938, p. 72). 
The mineral was ground under water with a mortar and pestle 
and the smallest particles removed (deslimed) by décantation ; about 
i  g. was transferred while wet to a 50 cc. stoppered cylinder, washed with 
some of the flotation solution and finally shaken with about 30 cc. of the 
solution. Usually flotation or non-flotation was evident immediately, but 
the system was allowed to proceed toward equilibrium in a thermostat 
at 35°C. for 30 minutes before finally observing whether the mineral floated 
or not. The mineral was considered to float only when the air bubbles 
shaken into the solution rose to the surface well covered with mineral 
particles to give a mineralized froth. When the conditions were such that 
no froth formed with the particular collector used, frothers such as 
Terpineol which were previously shown to have no collecting properties 
for the mineral, were added. Curves were constructed separating solution 
compositions in which the mineral floated from those in which it did not. 
From such curves for two different minerals it is possible to see by inspec­
tion the range of solution compositions in which one mineral floats and 
not the other.
In some cases bubble contact tests on polished mineral specimens 
described by Wark (1938, p. 74), were made, and the contact angle 
measured. This angle is a factor influencing the tenacity of adhesion of 
the bubble to the mineral.
* This is economical in a concentrate because o f the h igh value of the tungsten .
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(c) Minerals and Reagents
The minerals were obtained from the King Island Mine, where they 
were separated by tabling. By selecting only the coarse grains of scheelite 
(about 1  mm. in diameter) a relatively pure grade of mineral was obtained 
(analysing over 90,per cent. CaW0 4 ). The same procedure was used to 
obtain andradite and in addition its flotation behaviour was checked with 
relatively pure andradite obtained in large crystals, about 5 mm. in 
diameter, which were broken from the massive ore and then ground for 
cylinder flotation tests.
Laurylamine was synthesized by the phthalimide process and was of 
theoretical purity. Preparation of sodium laurylsulphate is described else­
where (Wark et al, 1946).
Other collectors used were commercial samples obtained from the 
manufacturers.
(d) Plan of Work
The work was divided into three parts, involving the investigation as 
flotation reagents of
(i) The shorter-chained fatty acids which form soluble calcium and 
magnesium salts and so are less likely to be precipitated by hard 
water.
(ii) Cationic substances such as fatty amines. Amines do not form 
precipitates with hard water and may be expected not to lose 
their collecting properties in its presence. Scheelite and andradite 
both contain calcium but as the anions differ, a cationic collector 
such as an amine ion should be able to separate them.
(iii) Other classes of chemical compounds such as the alkyl sulphates 
and alkyl sulphonates, which, even if partially precipitated by 
hard water, might react in a manner different from the carboxylic 
acids and still act as collectors. As, for example, xanthate does 
for sulphides in a solution containing copper salts. The copper 
xanthate precipitate acts as a reserve (Wark 1938) to supply 
xanthate ions to the solution at a low concentration.
II, R e s u l t s  a n d  D is c u s s io n
(a) Lower F atty Acids
The lower fatty acids were collectors for scheelite in distilled water, 
and the shorter the chain, the higher was the concentration required to give 
good flotation. Scheelite floated with the lowest concentration of collector 
at pH 7. Below pH 1 or above pH 13 flotation ceased in this series.
The presence in water of 10 mg. Ca.++/1. and 20 mg. Mg++/1. did not 
diminish flotation for the fatty acids with a chain length of up to 1 0  
carbon atoms, but even in some cases slightly increased it. These results 
are summarized in Table 1.
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The results show how good flotation with the lower members of the 
fatty acid series can be achieved by increasing their concentration over 
that required with the higher members. This is probably due to their 
lower adsorbability caused by the shorter-chain length which decreases 
the hydrophobic nature of the collector. Hard water only affects those 
acids which have the least soluble calcium salts, i.e. a solubility of less 
than 130 mg./l. Precipitation with these acids in hard water was observed 
in the tests.
T a b l e  1
CYLINDER FLOTATION TESTS OF SCHEELITE IN  DISTILLED AND HARD WATER 
(H ard w ater contained 10 mg. Ca++/1. and 20 mg. Mg++/L; D egree o f flotation a t pH 7)
G
Atom s Acid  
(N o .)
Collector*
A
Solubility  
of Ca Salt 
(m g ./l.)
Lowest 
Collection  
or Concen­
tration  a t  
which  
Flotation  
occurs 
(m g ./l.)
100 m g ./l.
A
500 m g ./l.
Ar
D istilled
W ater
H ard
W ater
/ \ 
W ater Hard  
W ater
5 V aleric S light S light V ery good*Good 80,000 50
6 Capric Slight S light V ery good Good 21,000 20
7 Heptoic F air F air V ery good V ery good 8,100 20
8 Caprylic Good Good V ery good V ery good 3,100 7
9 Pelargonic V ery good V ery good V ery good V ery good 1,300 3
10 Capric V ery good Good V ery good V ery good (400) 3
Interpolated
12 Laurie V ery good No Very good No 40-130 2
flotation flotation
18 Oleic (for V ery good No No No 100 2
com parison) flotation flotation flotation
* The term  “very good” m eans th at the froth  is laden w ith  m ineral particles a fter  
it has subsided to a th ickness o f 3 to 4 mm.
In the absence of Ca++ and Mg^ + oleic acid is the best collector, in that 
it is active in lowest concentration. In the presence of these ions pelargonic 
acid is the best.
Andradite was also floated by 1 0 0  mg. pelargonic acid/1. at pH 7, 
although not to the same degree as scheelite. Flotation of andradite did 
not begin until 50 mg. pelargonic acid/1. was present, but between 3 and 
50 m g./l. the degree of flotation of scheelite was not considered great 
enough to enable practical use to be made of this difference in sensitivity 
of the two minerals.
No entirely selective depressants were found for andradite when 
higher concentrations of pelargonic acid were used. In general, anions 
act as depressants (as would be expected from the anionic nature of the 
collector, for the depressant competes with collector ions for the mineral
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surface) and cations are indifferent when they do not form a precipitate 
with the collector.
In N/1000 solution at the natural pH, the following cations were 
depressants for both scheelite and andradite, precipitates forming in solu­
tion ; Ag+, Cu++, La+++, A1+++. The following cations had only slight effect : 
Ca++, Mg+% Fe+++, Sr++, Ba++, Ni++, Hg++, and Co++; Pb++, and
Zn++ activated scheelite, and Pb++ depressed andradite. Cr+++ did not give 
a precipitate in solution but strongly depressed both minerals.
Anions depressing the minerals were F e(C N ) 6 ", CO3 ", CN',
Fe(CN )s", SIO3 ", CNS', S^ Oe", Cr^O/', and hexametaphosphate.
It is possible that the best results would be obtained with Pb++ or 
Zn++ as activators, and starvation amounts of collector.
At this stage work was begun on what appeared to be the more 
powerful cationic collectors which had just become available to the 
laboratory.
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F ig . 1.— The relationship between pH and the concentration o f laurylam ine hydro­
chloride necessary to induce contact on andradite. Tem perature, 3 5 °C.
F ig . 2.— The relationship betw een pH  and concentration o f laurylam ine hydrochloride 
necessary to induce contact on scheelite. Tem perature, 3 5 °C.
0> Contact (flotation) possible in a solution o f th is composition.
X ,  Contact (flotation) not possible in  a solution of th is com position and not possible on
subsequent rem oval to w ater.
(b) Amines as Collectors
As with the fatty acids good flotation was possible at lower concentra­
tions when the higher fatty amines were used as collectors. Hexylamine 
in a concentration of 1 0 0  mg./l. was a poor collector for scheelite, 
octylamine better, and undecylamine and dodecylamine (laurylamine) 
were excellent collectors at a concentration of 5 mg./l., the flotation being 
similar to that produced by oleic acid in the same concentration.
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(i) Laurylamine.—Laurylamine (C 1 2 H 2 5 NH 2 ) was chosen for exten­
sive investigation and results are shown (Figs. 1 to 6 ) of bubble contact 
tests and contact angle measurements on scheelite and andradite. Best
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F ig . 3.— The effect o f the addition of m agnesium  ion on the contact on andradite and 
scheelite induced by 10 m g. of laurylam ine hydrochloride per litre. Tem perature, 3 5 °C. 
-------------------Scheelite, —  —  —  —  Andradite.
F ig . 4.— The effect of the addition o f calcium  ion on the contact on scheelite induced  
by 10 m g. of laurylaminfe hydrochloride per litre. Tem perature, 35°C.
flotation and highest contact angle occurred at a pH between 10 and 12, 
where laurylamine is mainly not ionized (pKa of fatty amines =  10.6 at
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F ig . 5.— The effect o f the addition o f calcium  ion on the contact on andradite induced 
by 10 m g. o f laurylam ine hydrochloride per litre. Tem perature, 35°C.
F ig . 6.— The effect o f the addition of sodium ion on the contact on andradite and 
scheelite induced by 10 m g. laurylam ine hydrochloride per litre. Tem perature, 35°C. 
-------------------Scheelite, — ------------- Andradite.
25°C. so that at pH 10.6 laurylamine is 50 per cent, ionized, at pH 11.6 10 
per cent, ionized (Hoerr, McCorkle, and Ralston 1943)). 
The metallic ions Ca++, Mg++, Na+ had no appreciable effect on the flota-
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tien of both minerals (Figs. 3 to 6 ) up to a concentration of 500,500 and 
5000 m g./l. respectively, which were the highest concentrations tested. 
Thus laurylamine is an excellent collector for use in saline water. It 
remained to find conditions in which it is selective.
Since andradite is a ferric mineral (mainly calcium ferric silicate) it 
was expected that trivalent metal ions would be strongly absorbed and 
possibly act as selective depressants. Fe+++, Cr+++, and A1+++ were tried in 
the form of alums and found to act as depressants, particularly in the acid 
region, i.e. pH 6.2 to 7.0 for Cr+++ and 2 to 8  for Fe+++. There is practically 
no depression very far above the pH of precipitation of the hydroxide of 
the depressant ion (Britton 1942 gives 5.3 for Cr+++ and 2.0 for 
Fe+++). The intervals of pH are too small to be of practical use, and more­
over, the existence of up to 20 per cent, calcite in the King Island ore, and 
its general occurrence in other ores, make it impractical to work below 
pH 6 . This limitation to non-acid solutions, as will be seen below, is very 
serious since other selective conditions have been discovered below pH 6 .
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FLOTATION8 0
NON-
FLOT­
ATION FLOTATIONa.
4 0
20
20 6 8 10 12 144
p H  VALUE
F ig . 7.— The effect o f the addition o f lead ion (as  
P b (C H sC 0 0 ) 2, 3 H 2O) on th e flotation o f andradite  
and scheelite induced by 10 m g. o f laurylam ine  
hydrochloride per litre. T em perature, 35°C .
---------------- S c h e e lite ,--------------------A ndradite.
A search was made for other selective depressants among both cations 
and anions in a concentration of N /1000 with 10 mg. of laurylamine/L, at 
pH 4, 7, and 10. The pH value of 10 was included because, although most 
metal ions are precipitated as hydroxides (Britton 1942) above pH 7, and 
so exert their maximum effect below this pH, the residual ions in the 
solution in equilibrium with the precipitate are often sufficient to affect 
flotation at, say, pH 10, where flotation with laurylamine is best.
The anions S 2 O3 ", F e(C N )/"  and antimonyl tartrate, ASO4 ", CrO "^ and 
the anion of “Calgon” (hexametaphosphate) depressed both minerals to 
some extent, probably by precipitating the collector. With neither I' which
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depressed, nor CN' which activated, was any precipitate noted. Cu++, 
Ni++, Mn++, Co++ were inert ; Zn++ depressed both minerals at pH 7; Ag+ 
activated both over the whole pH range; and Pb++ strongly depressed 
scheelite, but not andradite, at pH 4.
The only really specific effect was observed with Pb++. Lead tungstate 
is about 1/7 as soluble as calcium tungstate, and lead ions are probably 
strongly adsorbed on scheelite. Figure 7 shows the relationship between 
pH and addition of lead salt required to prevent cylinder flotation of the 
minerals in a solution of 1 0  mg. laurylamine hydrochloride/1 , with 2 0  mg. 
Terpineol /!• frother.
Table 2
CONCENTRATION OF SODIUM TUNGSTATE AND SODIUM SILICATE 
REQUIRED TO DEPRESS SCHEELITE AND ANDRADITE
pH M ineral
Concentration o f Anion Required 
to Prevent F lotation
A
T ungstate
(m g ./l.)
Silicate
(m g ./l.)
4 Scheelite 400 200
A ndradite 400 200
7 Scheelite 2400 500
A ndradite 2400 500
10 Scheelite > 2 4 0 0 700
A ndradite > 2 4 0 0 700
Lead ions selectively depress scheelite between pH 2  and 6 . In order 
to convert this depressant action into an activating one, ethyl xanthate 
was added, but the adsorbed lead ions on the scheelite did not enable ethyl 
xanthate to act as a collector. Treatment with sodium sulphide, ostensibly 
to convert the adsorbed lead to sulphide, did not alter this response. Hence, 
in this respect lead-conditioned scheelite differs from cerussite and angle- 
site (Wark 1938; Wark and Cox 1939).
The effects of the mineral anions were also tested. Sodium tungstate 
and sodium silicate (separately) were added in increasing amounts to a 
solution containing 1 0  mg. laurylamine hydrochloride/1 , and 2 0  mg. 
Terpineol/1. at various pH values. The solutions were used for cylinder 
flotation tests (Table 2).
No selective depression was observed. Some of the collector was pre­
cipitated by each of these reagents so that probably they are to be classed 
among the pseudo-depressants described by Rogers and Sutherland (1947).
However, since calcium ions showed no sign of depressing the minerals 
whereas the minerals' anions did, it is probable that laurylamine, despite 
its small concentration at the lower pH values, competes with these anions 
and so attaches itself to the calcium ions in the mineral surface. This is 
in accord with the slight activation of scheelite often observed when 
calcium ions are present in the solution, as they would tend to increase the
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proportion of calcium at the surface by being adsorbed on or built into 
the crystal lattice. Similarly hydrogen ions would have the opposite effect, 
namely that of displacing the calcium ions from the surface. This is 
evident from the poorer flotation at lower pH values shown in Table 2  
(less depressant is required at the lower pH) and in the decrease in contact 
angle with the fall of pH (Figs. 1 and 2 ). Alternatively this may be 
ascribed to competition between H+ and C1 2 H 2 5 NH 3 +. This latter compe­
tition should not be affected by anions, unless they react in solution with 
the collector as do the tungstate and silicate ions.
C12 H25 NH; . 
■« Solution
H
T i2 H25 N'
H
<u
Fig. 8(a)
4
■Q —Si— 0 
Crystal >
Ca^
Solution Crystal
Fig. 8 ( h)
The problem of the practical flotation of scheelite is limited then by 
two factors
(1) The calcite in the King Island ore requires that the flotation be 
done above pH 6 . Below this pH the calcite dissolves and restores 
the pH to 6 .
(2) Difficulty in finding a selective depressant for andradite with 
laurylamine may be due to the power of the latter to be adsorbed 
in two different electrical forms :
(a) As positively charged ion (Fig. 8 (a ) ) ,  when it should com­
pete with cationic depressants and be adsorbed onto the 
anionic parts of the crystal lattice:
As free base (Fig. 8 ( 6 ) ) ,  when it is active in lower concen­
tration, and appears from the above experiments to compete 
with anionic depressants.
The bonds involved here between the calcium in the mineral 
surface and the laurylamine molecules are ion-dipole bonds 
(Pauling 1940), such as occur in Cu(NH 3 ) /+  and 
F e(H 2 0 ) 6 ^  ^ between the central metallic ion and the 
surrounding polar molecules.
Thus, two different types of depressant are needed to 
prevent adsorption of these two varieties of laurylamine film 
on one mineral. Often these two depressants, having dif­
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ferent charges, will precipitate one another.
It is notable that in the single instance of selective 
depression. (by lead ions) of scheelite with laurylamine as 
collector (Fig. 7), the pH does not exceed 5, (where the 
concentration of free laurylamine is insignificant and flotation 
is probably due to the laurylamine ion). Unfortunately the 
calcite present in King Island ore prevents the use of a pH 
of 5. Theoretically with laurylamine one may not work with 
cationic depressants above pH 8  to 10 (where free base need­
ing an anionic depressant is liberated) nor below pH 7 
(owing to the presence of calcite). This narrows the range 
to one pH unit within which a selective cationic depressant 
must be made to work.
The alternatives are to use a weak base which will 
remain practically not ionized over the whole pH range, or 
at least above pH 7, or a quarternary ammonium base which 
will be fully ionized over the whole pH range and be subject 
to depression by cations in the pH range 7 to 12.
Examples of both types were tried.
(ii) Weak Bases.—The strength (pKa) of a weak base may be calcu­
lated by the law of mass action
pKa =  pH — log (B/BH+),  (1)
where B and BH+ represent the concentration of not ionized and ionized 
base respectively. Thus for a base to be less than 1 per cent, ionized at 
pH 6 , it must have a pKo of less than 4.
Diphenylamine (pKa =  0 .8 ) and a- and /?-naphthylamine (pKa =  3.9 
and 4.1 respectively (Hall and Sprinkle 1932) were tried at pH values 
where they were almost completely unionized (pH 7 to 9) but no flotation 
resulted. Since no flotation occurred with naphthylamine at pH 9 where 
it is 60 per cent, ionized, these results do not necessarily show that 
not ionized amines as a class are poor collectors, for the ions may not be 
good collectors due to inadequacy of the fatty tail of the molecule. This 
defect is remedied in ??-laurylaniline which was a collector for scheelite and 
andradite over the pH range of 1 to 10 (Fig. 9).
This indicates that the ions of the collector, which rapidly disappear 
as the pH rises' above 5, are not alone responsible for flotation, but that 
the free base is active at pH 1 0 , for the concentration of ion at pH 10 for 
a total base concentration of 1 0  mg./l. is 1 0 "^ mg./l. Sixty mg. SiOg'Vl. 
was just sufficient to depress both minerals at pH 8.3, and so silicate is not 
selective.
Mine water depressed both minerals at pH 7 with laurylaniline as a 
collector. No activation in mine water occurred with 10 mg./l. Pb++, or 
Hg++, or by N/1000 Ni% Co"+ or Cu++. A difficulty appearing with the 
not ionized type of surface-active agent is poor solubility; not more than 
25 m g./l. of laurylaniline could be dissolved.
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(iii) Qvxiternary Bases.— Cetyl trimethyl ammonium bromide floated 
scheelite well in distilled water over the pH range 2 to 1 2  but mine water
3 0
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F ig . 9.— The relationship  betw een pH  and the  
concentration  o f lau ry lan ilin e n ecessary  to induce  
flotation on andradite and scheelite, u sin g  0.5 per 
cent, iso-am yl alcohol as frother. T em perature, 35°C.
---------------- S c h e e lit e ,-------------------- A ndradite.
completely depressed the mineral. This may be due to increased surface- 
activity at the air-water interface caused by soluble salts (Wark et al. 
1946). Although the mineral is coated with collector, the air-bubble
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(fro th er) =  20  m g ./l . -----------------  S c h e e lite ,-------------------- A ndradite.
F ig . 1 1 .— The relationship  betw een pH  and the concentration o f “N inol 400” n ecessary  
to induce flotation on andradite and scheelite  in  tw ice u n it m ine-w ater concentration. 
T em perature, 35°C . Terpineol (fro th er) =  20 m g ./l. U n it m ine w ater —  calcium  
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becomes armoured with collector and prevents contact. Shorter-chained 
homologues are affected only at higher concentrations. It was estimated 
that decyl trimethyl ammonium bromide should be sufficiently short- 
chained not to be affected in mine water, yet be sufficiently long-chained 
to retain high surface activity at the mineral-water interface. Some 
preliminary tests showed that it is only a fair collector for scheelite. This 
supports the view that the action of laurylamine is to only a small extent 
due to its ions at pH 10, for the two ions (lauryl-aminium and decyl 
trimethyl ammonium) are about equal in size and electrical nature.
(iv) ‘^ Ninols.”—A survey of the commercial cationic surface-active 
agents in the laboratory showed that in general they were good collectors 
for scheelite and andradite and worked well in the presence of calcium 
salts. Examples of this class are: ‘‘Amines 2 2 0  and 230,” “Intracol,” 
laurylpyridinium sulphate*, “Ninols 400 and 787.” “Ninol 400” was 
chosen for further investigation being an example of a new chemical type 
(a fatty acid—alkylolamine condensation product) represented by a struc­
ture similar to the following :
—  OH
R— CO— N yCzH^OH
. ^CgH^OH
Selective flotation of scheelite from andradite was achieved with “Ninol 
400” in mine water (Figs. 10 to 12). Indeed, this reagent was still effective 
in water containing over 2 0  times the concentration of salts in mine water.
Separation of scheelite from andradite was possible between pH 0 and 
8.5. In a water of twice mine-water strength, the andradite was activated 
and floated down to pH 1 (Fig. 11). Silicate ion was selective and 
depressed andradite in the pH range 0 to 2 (Fig. 12). Scheelite was 
slightly activated, the range of flotation being extended from pH 9 to 10 ; 
however, the degree of flotation in this range (9 to 10) was so small as 
to have no practical use in a separation from andradite. On the other hand, 
the degree of flotation of scheelite at pH 1.6 is great, and if means could 
be found flrst to remove the calcite which prevents such a low pH being 
reached, good separation could be expected. In all these tests the andradite 
was heated beforehand with 2N hydrochloric acid until all the calcite 
impurity in it had been dissolved. This was done in order to maintain a 
low pH for 80 minutes in the flotation cylinder.
An attempt was made to obtain a separation of the minerals at pH 6  
with silicate as a depressant at much higher concentration than required 
at pH 2, but above this pH silicate ion is non-selective and depressed both 
minerals at and above the same concentration, namely, 800 mg./l. in the 
presence of 100 mg. “Ninol 400”/l. and mine water with double the usual 
concentration of salts. Scheelite was not depressed by 200 mg. Ca++/1.,
* This .substance seem s prom ising in hard w ater and should be investigated  further.
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400 mg. Mg+Vl. or 200 mg. Na+/1. at pH 6 , but 5 per cent. NaCl 
depressed it.
This type of collector shares with fatty amines a relative immunity 
to hard water, but it is most effective at the opposite end of the pH scale, 
namely the acid region.
(c) Alkyl Sulphates and Sulphonat€S
In general, alkyl sulphates and sulphonates* are not collectors for 
scheelite in concentrations of about 1 0 0  m g./l., but may be activated by 
lead ions, when excellent flotation results. This flotation persists when 
the flotation solution contains the salts in mine water, which have a slight 
activating action. Unfortunately it was not possible to depress andradite 
selectively.
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F ig . 12.— The effect o f  the addition o f s ilica te  ion on the flotation o f scheelite and  
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F ig . 13.— The effect o f the addition o f lead ion (a s  P b (C H 3C O O )2, 3 H 2O) on the  
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(i) Sodium Laurylsulphate,— Curves showing the relationship between 
the pH and the concentration of Pb++ required to activate scheelite and 
andradite in mine water with sodium laurylsulphate as collector are given 
in Figure 13. They are almost identical.
At pH 7 about 1 mg. Pb++/1. is sufficient to activate the minerals, and 
less is required at lower pH values. The non-flotation above pH 8  to 9 is
* R eagents tried  included “T ergito l P en etran t 4 and 7,” “E m ulsol X I,” “H ytergen  
B M ,” “ Supratol V F ,” “B ozetol,” “ Santom erse 3,” “ Triton 720,” “ Solvadine,” potassium  
laurylsu lphoacetate .
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probably due to precipitation of lead hydroxide which starts at pH 6  
(Britton 1942). Since the lead salt becomes ineffective for both minerals 
at the same pH (indicating the same concentration of lead ions in 
equilibrium with the hydroxide precipitate) it does not appear possible to 
obtain a separation by controlling the concentration of lead ions.
Twenty-three ions were tried as selective depressants for the lead 
activated minerals floating with laurylsulphate ; two kinds of depressants 
may exist (a) anions competing with laurylsulphate ions, (b) cations com­
peting with lead ions. The selectivity of type (a) may be diminished by 
their liability to be precipitated by Pb++, so that it was mainly amongst type
(b) that depressants were sought. The pH of the solution was kept fairly 
low in order not to precipitate metal hydroxides. Of the ion SiOs", Cr+++, 
Co++, Hg++, B a- Ca+\ Cd++, TiO+, AsO/", CN', CNS', "Calgon", CO3", 
CN", those showing selectivity in favour of flotation of scheelite were Co++, 
Hg^ +, Ba++, CNS'. Ba++, was selected as most promising and investigated 
further.
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scheelite and andradite induced by 25 mg. of sodium laurylsulphate per litre in unit 
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F ig . 15.— The relationship between pH and the concentration of oleic acid necessary  
to induce flotation of andradite and scheelite. Tem perature 3 5 °C. Terpineol
(frother) =  20  m g ./l.
------------------- Scheelite, —• — — — Andradite.
Curves showing the relationship between pH and the concentration of 
barium ion required to prevent the flotation in mine water by laurylsul­
phate of both minerals activated by Pb++ are given in Figure 14. Again, 
they are almost identical and no separation is possible.
(ii) ^7gepon T.''—'Tgepon T”(Ci, H 3 5  CO NH C2 H^  SO3 Na) behaved 
similarly to sodium laurylsulphate.
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(d) Discussion on Reasons for Sim ilarity of Behaviour of 
Scheelite and Andradite in Hard W ater
The persistent identical behaviour of scheelite and andradite with a 
wide variety of reagents and conditions (Figs. 1  to 6 , 9, 13 to 15) leads 
to speculation as to whether there is not some fundamental reason for it, 
connected with the fact that both are calcium minerals. One might imagine 
absorption of a monolayer of surface-active anion to take place when the 
solubility product* (obtained in a special way) of the calcium salt of the 
surface-active agent is exceeded at the surface of the mineral. There are 
instances of the displacement of an ion which is adsorbed at a mineral 
surface by an ion which can form a more insoluble salt with the oppositely- 
charged ion in the mineral. Examples are given in Table 3.
Table 3
Adsorbed Ions More
M ineral
Insoluble R eferences
D isplaced D isp lacing Salt
Ion Ion
Scheelite Ca++ Pb++ P bW 04 "
Scheelite R— SO4' R— COO' C a (R C 0 0 )2
Scheelite R— COO' R— SO4' • P b (S 0 4 R )2 .T h is  paper*
activated  by
Pb++
Calcite H eptoate O xalate Calcium
C alcite O xalate Oleate
oxa la te
Calcium
oleate
.W ark (1938)
* The re lative so lub ilities o f th e first three sa lts  in  column 4 w ere  
determ ined by *simple test-tube precip itation  a t th e  lim itin g  concentration.
In both scheelite and andradite the concentration of calcium ions in 
the mineral surface is roughly equal and about lOM (calculated from their 
densities and molecular w eights). The behaviour of collectors which attach 
themselves to the calcium ions in the mineral surface should be similar and 
is shown in the present paper. There are, however, some reagents whose 
behaviour toward scheelite and andradite is not similar, e.g. oleic acid in 
distilled water (Fig. 15) so that some additional factor must be influencing 
the adsorption.
* Since the reaction  tak es p lace at the su rface  o f the m ineral, dynam ic considera­
tions ind icate th a t the so lub ility  product should be obtained by m u ltip ly in g  th e  
concentration o f calcium  ions in th e solid m ineral (about 20M ) w ith  the concentration  
of su rface-active anions in  th e  solution  near th e su rface  o f the m ineral. T his m ay not  
alw ays be the sam e as th a t in  th e  bulk o f  th e  solution, ow ing to  th e electrica l charge  
o f  the m ineral particle, w hich in creases th e  local concentration o f oppositely charged  
ions. W hen th e  so lub ility  product calculated  in th is  w ay  is com pared w ith  th a t  
obtained by double decom position o f  sa lt so lutions, allow ance m ust be m ade fo r  the  
effective m onovalence o f polyvalent ions a t the surface o f the m ineral, tow ard the  
solution.
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• Some light is thrown on the nature of flotation of scheelite by its 
behaviour towards lead ions. From flotation curves with sodium lauryl­
sulphate and laurylamine as collectors (Figs. 13 and.7) it is evident that 
lead ions are adsorbed, especially in acid solution. They activate flotation 
by the anionic alkyl sulphates, alkyl sulphonates, and fatty acids, and 
depress flotation in acid solution by laurylamine. The point of attachment 
of the anionic collectors is therefore to the adsorbed lead ions, while that of 
the laurylaminium ions is to the position for which lead ions compete, 
namely the tungstate ions in the surface of the mineral. Similarly, the 
anionic collectors are depressed by cyanide ions, which activate lauryl­
amine. This evidence is consistent with the ion exchange theory of 
flotation.
Table 4
SUMMARY OF SOME CONDITIONS FOR SEPARATION IN  CYLINDER OF SCHEELITE AND ANDRADITE
M ineral
Floated
Collector
Optimum  
pH or pH  
R ange  
(g la ss  
electrode
D epressant A ctivator Mine
W ater
(a )  Scheelite “N inol 400” 
(100 m g ./l.)
1.6 , SiOg"
(100 m g ./l.)
— P resent
Scheelite “N inol 400” 
(100 m g ./l.)
0 to 4 --- A bsent
A ndraditeL aurylam ine  
hydrochloride  
(10 m g ./l.)
4.0 N /1 0 0 0  Pb++ Terpineol 
(20 m g ./l.)  
as frother
A bsent
(b)  Scheelite Sodium lauryl­
sulphate  
(25 m g ./l.)
10.5 Ba++
(10 m g ./l.)
Pb++ (10 m g ./l.) P resent
Scheelite Sodium lau ry l­
sulphate  
(25 m g ./l.)
5.4 Co++ (N /5 0 0 0 ) Pb++ (10 m g ./l.) P resent
Scheelite Sodium lau ryl­
sulphate  
(25 m g ./l.)
6.0 Ba++ (N /1 0 0 0 ) Pb++ (10 m g ./l.) P resent
Scheelite Sodium lau ryl­
sulphate  
(100 m g ./l.)
7.0 Ag+ (10 m g ./l.) A bsent
A ndradite“N inol 737” 
(100 m g ./l.)
3.0 A bsent
S cl eelite Laurylam ine  
hydrochloride 
(10 m g ./l.)
4.0 NagWOë 
(7 m g ./l.)
Terpineol 
(20 m g ./l.)  
as frother
A bsent
III. C o n c l u s i o n s
The conditions of separation by flotation of scheelite from andradite 
have been studied in hard water containing magnesium, sodium, and
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calcium ions. The collectors studied covered a wide range of chemical 
classes, including aliphatic fatty acids, weak and strong quaternary amines, 
alkyl sulphates and sulphonates.
Table 4 gives a summary of the flotation conditions that allow a separa­
tion of scheelite from andradite in the cylinder, in both hard and distilled 
water. In (a) the separation is complete, in (6) there is a slight tendency 
for the andradite to float.
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